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ABSTRACT 


Hydrodynamic  and  stability  and  control  characteristics  are  investigated  for  a 
novel  submarine  configuration  employing  tandem,  large  hub-to-diameter  ratio 
propellers  whose  blades  can  be  pitched  both  collectively  and  cyclicly.  The 
propulsion  and  lateral  control  forces  which  can  be  produced  by  the  propellers 
at  very  low  forward  speeds  (including  zero)  are  defined  by  means  of  simple 
blade-element  theory  that  includes,  however,  the  effects  of  propeller-induced, 
axial  inflow  velocity.  The  resulting  analysis  is  employed  to  investigate  the 
problem  of  trimming  the  submarine  at  hovering  speeds.. 

An  earlier  analysis  of  stability  and  control  at  high  speeds  was  continued  and 
extended.  The  anal'  sis  indicates  that  the  TPS  can  be  stabilized  and  controlled 
at  high  speeds.  Maneuvering  performance  in  the  pitch-plane  is  equivalent  to 
that  of  a  conventional  submarine  except  that  a  higher  percentage  of  the  total 
available  control  effectiveness  must  be  used  in  performing  diving  maneuvers. 

It  is  found  tha  the  minimum  turning  radius  of  the  TPS,  when  operating  at  high 
speeds,  is  approximately  five  t'mes  greater  than  that  of  a  conventional  sub¬ 
marine,  as  a  result  of  the  requirement  for  using  part  of  the  control  effectiveness 
for  stabilization  purposes.  As  operating  speeds  are  decreased,  however,  the 
turning  performance  of  the  TPS  becomes  markedly  superior  to  that  of  the  con¬ 
ventional  submarine. 

In  addition  to  two- propeller  operi'ion,  stability  and  control  is  investigated  for 
off-design  conditions,  with  either  the  fore  or  aft  propeller  operating  as  the 
active  control  element 
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INTRODUCTION 


In  October  1961  the  Cornell  Aeronautical  Laboratory,  Inc.  undertook  to  inves¬ 
tigate  the  hydrodynamic  and  stability  and  control  aspects  of  a  novel  submarine 
configuration  utilizing  variable-pitch,  large  hub-to-diameter-ratio  propellers. 
The  configuration,  invented  by  Cdr.  F.  R.  Haselton  of  the  Office  of  Naval 
Research,  employs  two  propellers  mounted  circumferentially  (forward  and  aft) 
on  a  neutrally  buoyant  body  of  revolution,  to  produce  any  combination  of  forces 
and  moments.  By  means  of  this  arrangement,  which  has  been  called  a  Tandem 
Propeller  Submarine  (TPS),  it  is  possible  to  produce  control  forces  in  three 
degrees  of  freedom,  or  control  moments  in  three  degrees  of  freedom,  as  well 
as  combinations  of  these  forces  and  moments. 

The  work  undertaken  by  the  Cornell  Aeronautical  Laboratory  has  as  its  basic 
objectives  (a)  the  theoretical  determination  of  the  hydrodynamic  characteris¬ 
tics  of  the  tandem-propeller  configuration,  (b)  an  investigation  of  the  trim  and 
stability  and  control  characteristics  of  the  controlled  submarine,  and  (c)  a 
comparison  between  the  TPS  and  a  conventional  submarine  with  respect  to 
stability  and  control  characteristics  and  handling  qualities. 


Certain  of  these  objectives  were  partially  achieved  and  reported  upon  in  Refer¬ 
ence  1,  entitled  "First  Interim  Report  on  the  Hydrodynamics  and  Stability  and 
Control  of  a  Tandem  Propeller  Submarine"  Reference  ^contains  a  large  portion 
of  the  general  results  of  the  entire  program  and  will  be  frequently  referred  to 
in  what  follows.  The  present  report  covers  work  accomplished  since  the 
publication  of  Reference  1  and  should  be  treated  as  a  continuation  of  that  report, 
since  it  has  not  been  considered  practical  to  attempt  to  repeat  herein  the  bulk 
of  the  material  presented  in  the  earlier  document.  (It  should  be  noted  however 
that  some  of  the  key  figures  and  the  terminology  are  repeated  in  Section  HI. ) 
Accordingly,  the  reader  will  profit  by  reviewing  Reference  1,  especially  the 
section  on  stability  and  control  (Section  VII).  For  those  who  cannot,  the  section 
entitled  "Summary  of  Conclusions"  is  taken  verbatim  from  Reference  1  and 
repeated  below  in  the  hope  that  it  will  help  bridge  the  gap  between  Reference  1 
and  this  report. 

(1)  Analysis  of  the  stability  coefficients  for  the  high-speed  case 
shows  that,  in  comparison  with  conventional  submarines,  the 
gains  in  control  effectiveness  achieved  at  low  and  zero  speeds 
(plus  the  gain  in  control  flexibility)  are  obtained  at  a  sacrifice 
of  high-speed  control  effectiveness. 

(2)  The  TPS  is  dynamically  unstable  m  pitch,  unless  control  forces 
and  moments  are  applied  to  modify  and  eliminate  this  instability. 

The  instability  arises  primarily  from  the  large  unstable  pitching 
moment  due  to  angle-of-attack  (  Ms)  relative  to  the  levels  of 
damping  in  pitch  (  Mj.  )  possessed  by  the  TPS. 

(3)  The  divergence  in  pitch  motion,  due  to  instability,  is  sufficiently 
severe  to  require  automatic  stabilization  in  contrast  to  manual 
stabilization. 

(4)  Although  other  types  of  stabilizing  feedbacks  were  investigated 
for  use  in  an  automatic  pitch-control  system,  simple  pitch-rate 
and  pitch-angle  feedbacks  were  found  to  be  effective.  Well- 
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damped  pitch-angle  responses  to  pitching  moment  control  inputs 
can  be  obtained  in  about  60  seconds.  Corresponding  steady- 
state  dive  or  climb  rates  of  about  6  ft/  sec  are  easily  achieved. 
These  figures  do  not  represent  maximum  achievable  performance. 

(5)  An  analog  computer  investigation  shows  that  the  level  of  the 
command  control  inputs  must  be  limited  to  keep  the  propeller 
blade  angles  of  attack  within  their  stall  limits  when  cyclic  and 
collective  pitch  are  used  for  automatic  stabilization.  Computed 
feedback- loop  gains  that  originally  appeared  to  be  so  large  that 
continual  satura'ion  of  the  cyclic -pitch  control  would  result, 
were  found  to  be  acceptable,  provided  limits  were  placed  on 
maneuver  demands. 

(6)  Although  an  investigation  of  the  yaw-plane  dynamics  has  not  been 
completed  it  is  probable  that  conclusions,  similar  to  those  given 
above  for  pitch,  will  eventually  be  reached. 

(7)  It  has  been  shown  that  within  certain  speed  limits  it  is  possible 
to  trim  the  TPS  in  high-speed,  straight  and  level  flight,  with 
one  propeller  fixed  and  one  operating.  Speeds  of  ahout  15  knots 
can  be  achieved  with  a  single  propeller  operating  at  50  rpm. 

(An  investigation  of  the  problem  of  maneuvering  the  TPS  with 
one  propeller  operating  remains  to  be  completed.  It  is  antici¬ 
pated  that  this  control  mode  will  present  a  serious  problem.) 

(8)  With  respect  to  the  overall  stability  and  control  problems,  the 
tentative  conclusion  is  reached  that  automatic  control  of  the  TPS 
submarine  is  feasible.  Compari  on  with  a  conventional  sub¬ 
marine  has  not  yet  been  made  nor  has  the  question  of  handling 
qualities  been  examined  fully. 
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The  present  report  is  devoted,  in  the  main,  to  the  following  topics: 

(a)  A  theoretical  development  (started  in  Ref.  1)  of  the  hydro- 
dynamic  forces/moments  produced  by  the  tandem 
propellers  in  low-speed  flight,  including  hovering  (inflow 
velocity  is  taken  into  consideration,  but  cascade  effects, 
swirl  and  propeller  interaction  are  not). 

(b)  A  brief  investigation  of  trim  operation  at  low-speed. 

(c)  Stability  and  control  studies  of  the  pitch  and  yaw  plane 
dynamics  at  high  speed.  (This  work  is  comparable  to  the 
pitch-plane  studies  reported  in  Reference  1  and,  in  fact, 
is  a  logical  continuation  of  that  work. ) 

(d)  A  discussion  of  the  predicted  handling  qualities  (limited 
to  unpiloted,  controlled-vehicle  performance)  of  a  TPS 
configuration,  including  a  comparison  between  a  TPS  and 
a  conventional  submarine. 

(e)  A  brief  investigation  of  the  influence  of  hovering  and  high¬ 
speed  maneuvers  on  control  linkage  resolution. 

A  summary  of  the  results  that  have  been  obtained  and  of  the  conclusions  drawn 
to  date  for  the  entire  program  is  given  in  Section  II.  Recommendations  for 
future  work  are  discussed  in  Section  VIII. 
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SUMMARY  OF  RESULTS  AND  CONCLUSIONS 


Results  and  conclusions  based  on  work  performed  prior  to  25  March  1962  were 
reported  in  Reference  1  and  repeated  in  the  Introduction  (Section  I).  Results 
and  conclusions,  based  on  work  accomplished  since  the  publication  of  Reference  1 
are  given  below. 

(1)  The  previously  presented  hydrodynamic  analysis  for  the  low-speed 
(and  hovering)  case  has  been  refined  and  brought  into  conformity 
with  the  nomenclature  and  symbology  of  Reference  1  and  this 
report.  The  complete  set  of  equations  describing  the  forces/ 
moments  produced  by  the  propellers  on  the  hull  are  given  in 
Table  4.  l-l.  These  equations  include  the  effects  of  propeller- 
induced  axiai-inflow  velocity,  but  not  the  effects  of  blade  cas¬ 
cading,  swirl  and  propeller  interaction.  The  validity  of  the 
equations  in  Table  4.  1-1  is  subject  to  these  limitations. 

(2)  The  above  equations  have  been  reduced  to  a  set  of  approximate 

force/moment  coefficients  (see  Table  4.1-2)  that  yield  the  pro¬ 
peller  forccs/moments,  at  zero  speed,  as  a  function  of  the 
motion  variables  "V" ,  W  ,  ^  and  the  blade-angle 

components  ,  and  (collective,  sine-cyclic,  and 

cosine-cyclic  pitch  respectively).  These  coefficients  arc  sub¬ 
ject  to  further  limitation  that  &0  be  small  (  <?  about  0.  1  rad) 
and  that  <£/  and  small  relative  to  £•. 
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(3)  Trim  operation  at  zero  and  nearly  zero  forward  speeds  was  inves¬ 

tigated  in  connection  with  the  production  of  pure  sideforce  under 
these  conditions.  It  appears  that  the  production  of  pure  sideforce, 
at  zero  forward  speed,  cannot  be  accomplished  with  zero  collective 
pitch  in  the  propellers  and  that  counter-thrusting  collective  pitch 
must  be  used.  Under  the  restrictions  given  in  (2)  above  %  and  ^ 
velocities  of  about  0.  1  ft/ sec  (/L  *=  1  rad/  sec)  and  .  5  ft/ sec 

(Jl~  5  rad/  sec)  can  be  achieved.  In  performing  pure  transla¬ 
tional  maneuvers  at  very  low  speed,  coupled  forces/moments 
exist,  but  they  are  generally  quite  small  and  it  should  be  possible 
to  null  them  out  by  proper  control  action. 

(4)  It  has  not  been  possible  to  accomplish  any  significant  work  in  the 
general  area  of  six-degree-of-freedcm  stability  and  control  at 
low  (and  very  low)  forward  speeds.  It  is  anticipated  that  this 
work  will  be  accomplished  at  some  future  date,  with  the  aid  of  an 
analog  computer  simulation  (see  Section  VIII). 

(5)  At  high  forward  speeds,  the  proposed  TPS  configuration  is  capable 
of  maximum  diving  rates  comparable  to  a  conventional  submarine 
of  the  Albacore  class.  These  large  depth  rates,  however,  require 
about  22?a  of  the  available  control  power  compared  with  about  87» 
in  the  case  of  the  Albacore. 

(6)  At  high  forward  speeds  direct-axis  feedback  stabilization  is 

desirable  in  both  yaw  and  pitch  plane  maneuvers.  Pitch  angle 
and  depth  rate  arc  most  effectively  controlled  by  ordered  pitching 
morient  control  (Sthq)'  taw  rate  is  most  effectively  controlled 
by  ordered  yawing  moment  control  {£*/{).  *?  -force  and  Y -force 

and  )  require  excessive  propeller  blade  angles. 

(7)  Nonlinear  control  coupling  effects  are  negligible  in  the  yaw  and 
pitch  planes  at  high  forward  speeds. 
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(8)  The  yawing  moment  due  to  rail  rate  and  sideforce  due  to  roll  rate 
derivatives  (  and  Yp  respectively)  are  negligibly  small,  thus 
eliminating  yaw  plane  stability  dependence  on  roll  coupling  and 
separating  the  yaw  plane  from  the  roll  plane  in  all  stability  calcu¬ 
lations  at  high  forward  speeds.  Conversely,  the  rolling  moment 
due  to  yaw  rate  and  side  velocity  derivatives  (  and  /fy  )  are 
not  negligible  and  the  roll  behavior  of  the  submarine  is  affected 
by  yaw  plane  motions. 

(9)  Stable,  easily  controlled,  submarine  yaw  plane  motions  result 
from  single  propeller  operation  at  high  forward  speeds  when  the 
forward  propeller  is  disabled.  Conversely,  when  the  aft  propeller 
is  disabled,  yaw  plane  instability  occurs  for  feedback  gains  that 
produce  well-behaved,  two-propeller  submarine  responses.  Very 
large  feedback  signals  are  necessary  to  achieve  static  stability 
when  the  aft  propeller  is  disabled,  and  the  dynamic  response  of  the 
submarine  is  totally  unsatisfactory.  Additional  stability  augmenta¬ 
tion  through  feedback  control  is  not  possible  in  this  case,  requiring 
modification  of  stability  derivatives  (through  the  use  of  auxiliary 
control  surfaces,  for  example). 

(10)  Gyroscopic  coupling  between  the  pitch  and  yaw  planes,  resulting 
from  unbalanced  propeller  operation,  is  negligible  at  high  forward 
speeds. 

(11)  With  respect  to  overall  stability  and  control  problems  the  general 
conclusion  is  reached  that  automatic  control  of  the  TPS  submarine 
is  feasible.  Limited  comparisons  with  a  conventional  submarine 
have  been  made  and  no  drastic  differences  in  pitch-plane  maneu¬ 
vering  performance  have  been  found  for  the  high  forward  speed 
case.  There  is,  however,  a  significant  difference  in  the  percentage 
of  total  available  hydrodynamic  forces  available  which  must  be 
used  to  perform  certain  maneuvers,  the  TPS  requiring  higher 
percentages  than  a  conventional  submarine.  As  a  consequence 
maximum  yaw-plane  responses  are  somewhat  less  than  those  of 
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a  conventional  “ubmarine.  't'hes.e  high-soeed  limitations  on  TPS 
maneuverability  are  not  serious,  howeveT,  because  the  operation 
of  the  TPS  is  such  that  turning  maneuvers  can  be  performed  at 
low  speeds,  where  the  propeller  forces  and  moments  can  be  used 
to  greatest  advantage. 

(12)  A  preliminary  investigation  of  the  influence  of  maneuvering 
requirements  on  blade -pitch  angle  resolution  reveals  that  the 
high  speed  case  will  probably  determine  resolution.  For  example , 
in  order  to  change  forward  speed  by  one  ft/ sec  a  resolution  on 
collective  pitch,  ,  of  about  1*  is  needed.  To  change  steady- 
state  dive  angle  by  l*  a  resolution  on  sine-cyclic  pitch,  ,  of 

about  0.2*  is  needed.  The  requirement  on  the  resolution  of 
cosine-cyclic  pitch,  ,  does  not  appear  to  be  as  stringent  as 
that  on  sine -cyclic  pitch. 
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SYMBOLS  AND  NOMENCLATURE 


The  symbols  and  nomenclature  used  in  this  report  are,  for  the  most  part, 
those  used  in  Reference  1.  For  convenience  these  are  repeated  here,  along 
■with  new  symbols,  in  Table  3-1. 

The  postulated  TPS  configuration, ,  the  blade  pitch-angle  geometry,  and  the 
physical  constants  associated  with  the  postulated  configuration  are  also  those 
of  Reference  1.  These  data  are  repeated  in  Figures  3-1  and  3-2  and  Table  3-2- 


i 
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TABLE  3-1  Symbols  and  Nomenclature 


Symbol 

d. 

f 

JL 

A 

A 

A 

R 

D 

N 

A 

XL 

71 

Qa 

f 

x 

< 

s 

s0 


Description 

Max.  hull  diameter  (or  drag  coefficient) 

Fineness  ratio  =  S-/d 

Length  of  submarine 

Distance,  fore  point  to  c.  g. 

Distance,  prop,  plane  to  c.  g. 

(  carries  no  sign) 

Metacentric  height 

Submerged  displacement  (=  Weight) 

Average  propeller  radius 

Average  propeller  diameter 

Number  of  blades  per  propeller 

Blade  area 

Blade  angular  velocity  { It  carries  no  sign) 

Blade  angular  velocity  (ri  carries  no  sign) 

Lift  coefficient  (the  symbol  C  is  some¬ 
times  used) 

Profile  drag  coefficient  (the  symbol  ci  is 
sometimes  used) 

Induced  drag  coefficient 


Units 

ft  (dimensionless) 


ft 

ft 

ft 

ft 

lbs 

ft 

ft 


rad/ sec 
rev/ sec 


Flight  path  angle  of  the  blade  (see  Fig.  3-2)  rad 
Blade  ang!e-of-attack  (see  Fig.  3-2)  rad 


Total  instantaneous  blade  pitch 

(see  Fig.  3-2)  rad 

Collective  pitch  (see  Fig.  3-2)  rad 

Change  in  ce’Icctivc  pitch  (see  Fig.  3-2)  rad 
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Symbol 


PeacTvptum 


Units 


4 

s 

Blade  angle  o£  attack  due  to  collective 

Pitcb  {he*s0+l£-x0  : 

rad  * 

s 

Blade  azimuth  angle  in  plane  of  prop. 

(see  Fig.  3-2) 

rad 

S/rJ  cr- 

= 

Sine  component  of  cyclic  pitch 
(see  Fig.  3-2) 

rad 

&X  CoS  O- 

= 

Cosine  component  of  cyclic  pitch 
(see  Fig.  3-2) 

rad 

a,  6 

= 

Dimensionless  constants  used  to  define 
inflow  velocity 

u 

= 

Total  velocity  of  c.  g.  (  U -  U?  +  TJ~2+  w2 

)  ft/  sec 

UL 

r 

JC  -component  of  velocity 
(perturbation  =  U.  ) 

ft/ sec 

V 

= 

y.  -component  of  velocity 
(perturbation  -  y  ) 

ft/  sec 

U/ 

s 

-component  of  velocity 
(perturbation  =  £/  ) 

ft/ sec 

p 

2 

^'Component  of. total  angular  velocity 
(perturbation  =  <p  ) 

rad / sec 

f 

r 

U  -component  of.total  angular  velocity 
(perturbation  =  Q  ) 

rad/ sec 

stj  71 

- 

\  -component  of  total  angular  velocity 
(perturbation  =  y  ) 

rad/ sec 

V 

= 

Blade  velocity  relative  to  water 
(see  Fig.  3-2) 

ft/  sec 

vt 

= 

Tangential  component  of  V 

ft/  sec 

Vi 

= 

Axial  component  of  \/ 

ft/  sec 

iA 

Propeller-induced  (axial)  inflow  velocity 

ft/  sec 

K-*V«3 

= 

Coefficients  of  accession  to  mass  alone 

'x-y-  f 

dimensionless 

- 

Coefficients  of  accession  to  inertia 
around 

dimensionless 

1 1 

AG-lMI-V-2 

Description 


Units 


Symbol 


Tfl . 

- 

Mass  of  submarine 

#-sec2/ ft 

n, 

= 

Virtual  mass  along  X  -  7rZ  f /+  ) 

#  -sec2/ft 

= 

Virtual  mass  along  -  /k//^ 

#- see2/ ft 

= 

Virtual  mass  along  £  -  7*t  ) 

#-sec2/ft 

= 

Submerged  moments  of  inertia  about 

*--a-v 

i-ft-sec2 

= 

Virtual  moment  of  inertia  about 

> 

#  -ft-sec  " 

ht 

= 

Virtual  moment  of  inertia  about^r^e///^-) 

#  -ft-sec2 

a 

Virtual  moment  of  inertia  about^sJ^of+A^) 

#  -ft-sec2 

H 

= 

Propeller  angular  momentum 

#  -ft-sec 

p 

= 

Water  density 

#  -sec2/ ft 

L 

= 

Trim  thrust  available  from  one  propeller 

4 

Mxo 

= 

Trim  moment  of  one  propeller 

ft-# 

Po 

= 

Trim  propeller  power 

hp 

Me 

r 

Metacentric  pitching  moment  coefficient 

= 

ft-#  /  rad 

k-Ych 

= 

Control  (propeller)  forces  (hi-speed) 

# 

Kc- Mc-Nc 

- 

Control  (propeller)  moments  (hi-speed) 

#-f» 

= 

Combined  propeller  and  hull  hydro- 
dynamic  and  hydrostatic  forces  (hi -speed) 

# 

- 

Combined  propeller  and  hull  hydro- 

#-ft 

dynamic  and  hydrostatic  moments  (hi-speed) 

Xp~  Yp- 2? 

r 

Total  propeller  forces  (low-speed) 

# 

Kp-Mp-Np 

Total  propeller  moments 

(low- speed)  v  & 

ft-# 

AG-  1M4-V-2 
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Symbol  Description  Units 


= 

Dimensionless 

-force  derivative* due  to  Lt 

y'v 

= 

Dimensionless 

^  -force  derivative  due  to  V 

Yk 

= 

Dimensionless 

• 

V,  -force  derivative  due  to  (f* 

t'p 

= 

Dimensionless 

"  • 

-force  derivative  due  to  <p 
o 

= 

Dimensionless 

L- force  derivative  due  to  W 

4 

= 

Dimensionless 

J  -force  derivative  due  to  & 

K 

= 

Dimensionless 

X  -moment  derivative  due  to  V" 

- 

Dimensionless 

m 

/f-moment  derivative  due  to  <p 

< 

= 

Dimensionless 

• 

^-moment  derivative  due  to  <y' 

Ml 

= 

Dimensionless 

4-moment  derivative  due  to  uJ 

= 

Dimensionless 

"  0 

jf  -moment  derivative  due  to  Q 

K 

- 

Dimensionless 

0 

J  -moment  derivative  due  to  V~ 

W/i 

= 

Dimensionless 

• 

J  -moment  derivative  due  to  y 

"'r 

= 

Dimensionless 

0 

^  -moment  derivative  due  to  <p 

= 

Dimensional  X ■ 

-force  derivative  due  to  4^  #/ft  per  sec 

x; 

= 

• 

Dimensional  ^-force  derivative  due  to  $  #/ rad  per  sec 

V 

= 

Dimensional  4 

-force  derivative  due  to  # /ft  per  sec 

Yp 

h 

- 

Dimensional  (j 

• 

-force  derivative  due  to  #/ rad  per  sec 

= 

Dimensional  } 
u 

-force  derivative  due  to  U>p  *  !  ft  per  sec 

K 

= 

Dimensional  £ 

-force  derivative  due  to  f  /  rad  per  soc 

All  of  the  primed  derivatives  and  the  o  superscripted  derivatives  apply  to 
the  high-speed  case  only.  These  are  hull  and  propeller  derivatives  respect: \  ■. 

Tht  p  subscript  denotes  perturbations  with  respect  to  propeller  a.xes. 

Propeller  axes  are  parallel  to  body  axes  but  with  origin  at  , 

forward  and  aft. 
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Symbol 

Description 

Units 

V 

- 

Dimensional  if  “moment  derivative  due  to  (p^ 

§  -ft/  radper  sec 

K£ 

- 

Dimensional  -moment  derivative  due  to 

5 

* 

#  -ft/ ft  per  sec 

Mi 

- 

Dimensional  (/-moment  derivative  due  to 

4 

#  -ft/radper  sec 

= 

Vr 

Dimensional  ^-moment  derivative  due  to 

vr 

# -ft/ft  per  sec 

gm 

= 

Dimensional  ^-moment  derivative  due  to 

#  -ft/ft  per  sec 

n£ 

= 

Dimensional  ^-moment  derivative  due  to 

4 

# -ft/radper  sec 

r%-FrFg. 

- 

components  of  lift  and  drag, 
prop,  axes 

# 

Fr 

= 

Tangential  force  at  average  radius  ^ 

# 

s 

~ components  of  moment,  prop,  axes 

#-ft 

L-D 

= 

Lift  and  drag  forces 

# 

a 

Dimensional  X  -force  propeller  coefficient 
due  to 

* 

#/  rad 

Xsast* 

- 

Dimensional  X-forcc  propeller  coefficient 
due  to 

#/ rad2 

V 

— 

Dimensional  X  -force  propeller  coefficient 
due  to  fx  or  £x 

#/ rad2 

y* 

= 

Dimensional  U,  -force  propeller  coefficient 
due  to  Sz.  ° 

#/  rad 

y&s 

“7 

= 

Dimensional  U  -force  propeller  coefficient 
due  to  v 

#/ rad“ 

= 

Dimensional  Z  -force  propeller  coefficient 
due  to  J  a 

#/  rad 

z 

Dimensional  1 -force  propeller  coefficient 
due  to 

/ rad2 

All  of  the  propeller  coefficients  given  in  this  table  apply  to  the  hich 
speed  case.  6 


!  1 
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Symbol 

Description 

Units 

K* 

= 

Dimensional  X  -moment  propeller 
coefficient  due  to 

#/  rad 

*s* 

= 

Dimensioned  X  -moment  propeller 
coefficient  due  to  or  £2L 

#/ rad2 

*UUl 

= 

Dimensional  X  -moment  propeller 
coefficient  due  to  fas')*" 

#/ rad2 

*>s 

= 

Dimensional  y^-moment  propeller 
coefficient  due  to 

#/  rad 

^4 

= 

Dimensional  ^-moment  propeller 
coefficient  due*o  ^ 

#/  rad 

AW 

= 

Dimensional  (P-moment  propeller 
coefficient  due*to 

#/ rad2 

Ns 

= 

Dimensional  ^-moment  propeller 
coefficient  duetto  ^ 

#/  rad 

"t. 

= 

Dimensional  ^-moment  propeller 
coefficient  due  to  $ 

#/  rad 

N<£-Z, 

= 

Dimensional  ^''-moment  propeller 
coefficient  due  to 

#/ rad2 

= 

Propeller  thrust  parameter 

nondimensional 

= 

Propeller  torque  parameter 

nondimensional 

Ap 

= 

Propeller  power  parameter 

nondimensional 

P 

-: 

Powe  r 

ft-#/  sec 

^HP 

= 

Powe  r 

hp 

(P 

r 

Nor.d jmensional  power 

? 

r 

Propeller  thrust  coefficient 

nondimensional 

/*■ 

r 

Propeller  torque  coefficient 

nondimens  tonal 

I 

= 

tan  H*  (used  m  Ref.  1  n  ) 

nondimensional 

IS 
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The  symbols  given  below  are  used  only  in  Section  7.  2  and  are  consistent  with 
the  terminology  of  Reference  1,  Terms  not  defined  in  Reference  1  are  defined 
below. 


Symbol 

Ki 


* 


L 


p 

s 


Description  Units 

Direct-axis  side*force  equation 

feedback  gain  sec/  ft 

Direct-axis  yawing  moment  equation 
feedback  gain  sec 

Direct-axis  rolling  moment  equation 

rate  feedback  gain  sec 

Direct-axis  rolling  moment  equation 
position  feedback  gain 

Yaw  rate  into  sideslip  velocity  decoupling 
feedback  gain  sec 

Roll  rate  into  sideslip  velocity  decoupling 
feedback  gain  sec 

Side  slip  velocity  into  yaw  rate  decoupling 
feedback  gain  sec/ ft 

Roll  rate  into  yaw  rate  decoupling  feed¬ 
back  gain  sec 

Yaw  rate  into  roll  position  decoupling 
feedback  gain  sec 

Sideslip  velocity  into  roll  position 

decoupling  feedback  gain  sec/it 

Propeller  inertia  lb  ft  sec* 

Laplace  transform  variable  rad/  sec 
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Symbol 


Description 
absolute  value 

Dots  over  symbols  signify  time  derivatives 
Subscripts: 


CL 

f 

C 

ss 

c 


aft 

forward 

ordered  or  commanded  value 
steady-state 

propeller  control  forces/moments 
(high  speed) 
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TABLE  3-2  Physical  Properties  of  the  Postulated  TPS 


Symbol 


Hull 

Submerged  displacement 
Length 

Maximum  diameter 
Fineness  ratio 
Distance,  forepoint  to  c.g. 
Distance,  propeller  plane  to  c. 
Metacentric  height 

Propellers 

Hub  diameter 
Tip  diameter 
Number  of  blades 
Maximum  rpm 
Blade  area 
Average  radius 
Average  diameter 


4300  long  tons  (=  weight) 

A 

275  ft 

X 

32  ft 

d 

8.6 

f 

125  ft 

X 

110  ft  fore  and  aft 

X_ 

-1.  0  ft 

*b 

20  ft 

24  ft 

16 

N 

50 

3  ft  2 

A 

11  ft 

R 

22  ft 

D 

Other  Physical  Data  (see  list  of  symbols) 
m  =  299.  3  x  103#-sec2/ft 
Mq  =  -9.63  x  10^  it-#/ rad 

mt  =  m  (1  +  Kj)  =  m  (1.026)  =  307.  1  x  103  # -sec2/ ft 

m2  =  m  (1  t  K2)  =  m  (1. 95)  =  58  3.  7  x  10 3  #  -sec2/ ft 

m}  =  m  (1  +  Kj)  =  m  (1.95)  =  583.  7  x  103  #- sec2/ ft 

I  =  m lll  lor  r  30.  61  X  106  #-ft  -  SCC^ 

xo 

I  r  rn  (.  23/)2  -  1  197  X  106  # -ft-sec2 

y° 

I  =  m  (.  2  5 £)Z  -  1  197  x  106  f  -ft-sec2 
z  o 

I  „  =  I  ( 1  ♦  K ,)  -  I  (1)  =  30.  61  x  106  9 -ft-sec2 
xx  xo  4  xo 
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Other  Physical  Data  {continued} 

!yy  =  Iyo  (l  +  K5)  =  IyQ  (I.  86)  =  2227  x  106  rf  -ft-sec2 

lzz  =  Xzo  (1  +  K6)  =  *20  {l,86)  =  2227  *  1<)6^-ft-aec2 

(high-and  low-speed)  =  .015 
o 

C.  (high-speed  only)  =  3.59 
hOC 

C.  (low-speed  only)  =  5.7 

LcC 

_n_=  s.  24  rad/ sec  (  =  50  rpm),  high-speed  case 
7?  s’  35*  (high-speed  trim) 

V  =  70.  5'/ sec  (high-speed  trim) 


Note:  Numerical  values  for  high-speed  hull  derivatives,  propeller  stability 

-  derivatives,  and  propeller  control  force  and  moment  coefficients  may 

be  found  in  Reference  1. 
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HYDRODYNAMIC  ANALYSIS- -LOW -SPEED  FLIGHT 


4.  1  THE  HYDRODYNAMIC  CHARACTERISTICS  OF  TANDEM  PROPELLERS 
Expressions  for  the  hydrodynamic  forces  and  moments  due  to  the  propellers 
were  derived  in  Section  5.  2.  2.  2  of  Reference  1  for  the  low-speed  case.  Unlike 
the  theoretical  development  for  the  high-speed  case,  propeller-induced  inflow 
velocity  was  taken  into  consideration.  The  analysis  in  Reference  1  was 
developed  in  the  terminology  of  Reference  11  and,  in  addition,  was  considered 
tentative  and  preliminary.  It  is  proposed  here  to  set  down  the  propeller 
hydrodynamics  in  somewhat  more  detail  and  in  the  nomenclature  adopted  in 
Reference  1  and  in  this  report.  The  resulting  equations  may  be  considered 
as  superseding  those  presented  in  Reference  1. 


In  Figure  4.  1  - 1 , 


w-t  define: 

local  tangential  blade  velocity  (in  the  plane  of  the  propeller, 
perpendicular  to  the  average  radius  R)  relative  to  the  water. 


P*(o)- 


local  axial  blade  velocity  (perpendicular  to  the  plane  of  the 
propeller)  relative  to  the  water. 


VM- 
a  = 


total  blade  velocity  relative  to  the  water, 
propeller-induced  (axial)  inflow  velocity. 
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Figure  4.- 1-1  Blade  Kinematics 


For  the  forward  propeller 

2*4  -  &(/L  +J>)  -+(1/-+  7 L/i )  cos  or  /  (hJ-£#z  )  s^rr  (4 . 1  - 1 ) 

th~  (o*)]^  -  1/,-bi  -  ^  'OJ  <1..  I -Z) 


Hull  interference  effects  on  and  IV  are  taken  into  account  later. 


Z\ 


AG  1  ?> »  » -  V  , 


Similarly,  for  the  aft  propeller  (countcrcl  ckwis*  -Ration,  looking  forward). 

Vy  ((T)]^  '  £  (JL-p)  -  O-  cos  o'-(u/  &  (4* 1  ‘ 3 


Since  (4.  1-3)  and  {4.  1-4)  differ  from  (4.  1-1)  and  (4.1-2)  only  in  a  negative 
sign  pre-fixing/  ,  1/* .  and  the  first  pair  of  equations  may  be  used  to 
derive  results  for  the  forward  propeller,  with  the  Understanding  that  a  sign 
change  uyb  ,  V- ,  and  2</-must  be  made  in  order  t O  apply  these  expressions  to 
the  aft  propeller. 


The  lift  and  drag  produced  by  one  blade  is: 

L(<r)</zf>Aec^  (f-r) 

(4.1-5) 

d  (<r)  --  +f,(£  (s-it] 

(4.1-6) 

in  which  it  is  understood  that  V  ,  £  and  are  functions  of  the  propeller 

* 

azimuth  angle  C?*  .  Thus:  (see  Figure  3-2  ) 


...  i  ./  ihxM 

X(sr)  =  r*/z  Ut(cr) 

(4. 1-7) 

&(&)  *  6  (o')*  *(r) 3  S0  y  ff  S'tJO’  ^  efisrr 

(4.  1-8) 

\/*fr)  •  v?M  + 

(4. 1-9, 

In  ore.' 


to  simplify  the  analysis,  change  in  Collective  pitch  d^;s  no  longer  used. 
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It  should  be  noted  that  the  numerical  value  of  the  lift  curve  slope,  ,  used 

in  this  development  should  be  the  two-dimensional  section  value  (approximately 
5.  7/ radian)  since  the  induced  velocity  will  appear  explicitly  in  the  hydrodynamic 
angle  of  attack.  Use  of  this  value,  unmodified  for  unsteady  effects,  also  implies 
the  assumption  that  1  - 

Before  proceeding  to  develop  the  appropriate  expressions  for  forces  and 
moments,  it  will  be  useful  to  define  a  number  of  approximations  and  lineariza¬ 
tions  that  will  be  used  in  the  derivations  to  follow.  For  convenience,  the 
parenthetic  notation  (  O*  ),  signifying  "a  function  of  sigma"  is  discarded. 

From  (4.  1-1): 

4  •**/>  * £  H. . -10, 


and 


*  ees^  *  z(p~A^}- 


(4. 1-11) 


For  small  motions  and  all  but  very  low  propeller  speeds  it  appears  that  the 
second  order  terms  in  the  motion  variables  ,  and  ,  can  properly 

be  ignored  in  Equation  (4,  1  -11). 


Also,  Equation  (4.  1--)  c4ri  be  rewritten  as: 

^  r*-  +*■  9.  coscr  7 

Va.  SL  J 


(4.  1-12) 


and  2^  is  assumed  to  be  small  relative  to  so  that: 


(4.  1-13) 


Minimum  propeller  -pr.cd  is  believed  to  be  of  the  order  of  1  rad/ sec,  so  that 
J^/L  (min)  ~  11  :t  ~vc- 


m  ;  - 1 1.  n  -  \ 


Other  approximations  are: 


S/M  ^  = 


1/  -* 


(4.  1-14) 


cos*  */ 


(4.1-15) 


tar.  <k  =  J|  =  a' 


(4. 1-16) 


***■(  3*xjixf&t-*5£ 


<?*scr 


y-  ^/Mcr  1 

*7 ~7L  J 


(4.1-17) 


The  propeller  forces  and  moments,  written  jn  propeller  axes,  are  obtained  by 
resolving  the  lift  and  drag  forces  along  ^  and  tangent  to  the  average  blade 
circle  to  obtain  the  axial  force  „  *r.d  the  tangent:al  force  /=>-  .  The 

remaining  forces  and  moments  follow  from  die  geometry  of  the  situation.  The 
complete  set  of  expressions,  for  //  blades.  comparable  to  Equations  (5-7) 
through  (5-13)  of  Reference  1  (the  high-speed  case),  are; 

(6'-f)xs,M#'f  (4.  1-19) 
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* /zp AN V  (.&  (s~Z')  CCS  ft 


(4.  1-20) 


^  -  y+  fr  cos  (s' 


(4.  1-21) 


z  ~/+  />•  SWCf 


(4.  1-22) 


~Afre. 


(4.  1-23) 


/??*  *  7^/y  £  cos  (7* 


(4. 1-24) 


*  ~/  & 


s/VCr 


(4. 1-25) 


As  has  been  used  previously,  the  notation  -/+  denotes  forward/aft  propeller. 
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4.1.1  Axial  Force 

On  substituting  (4.1-11),  (4.1-3),  (4.1-7)  and  (4.  1-13)  into  (4.  1-19)  and  using 
the  approximations  (4.  1-14)  through  (4.  1-18),  the  instantaneous  axial  force 

becomes: 

/^/  -  "ft  [Sa  +§,  4*0*+ LS2casv'~ 

-v£  %<?£[£ +Z$o  //  S*i<f+Z&  Si  casrf+  £,  XStK>  2 

/  Si  css^cf] 

*  &  I  %r, 7 

(4.  1-26) 


2* 
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*  Sec  Appendix  A  for  details  of  the  integration  ar.d  some  remarks  relative 

J/l2 


to  their  validity. 


AG-leU-V-2 


30 


■«  l'l*,  lT-1 «  I  (||  j!1* < 


4.1.2  Tangential  Force 

Using  Equation  (4.  i  '20)  for  and  making  the  same  kind  of  substitutions  as 
was  done  £or/>  •  we  have: 


Ft 


£  4  <3u  &-  +f>  ***'+&  Cos 

*/V  ^  ^ 

Tt£  ffCt^  [<$o  +Z$o£f  S**<7“  +2&*&i.C«S<f  *^Vm/V* 

+  2  £,£t  C0S(T  s/fjCA  ¥  «f2  J<S<f 

fir  - 

~j[  f,  [%£<,+ Zg,  S/a/CT+ Z<£z  c»s(fj£/<7' 

rf  ^ 


(4. 1-28) 
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On  integrating  over  one  cycle,  and  neglecting  the  resulting  four  terms  in  T**' 
and  ^  * 


*’*  fL[(xjrfa  -&)-&■*-£*] 

*<h.['  +  3£j 

[('*%}(&  f +¥)+££%#>  £.  r. 

+  z  (**-$/+)£•£,  <>  it**  I 

- 7T7L  ~(q7tK  z**'7?7l) 


*  ./  <£*-  y-  ^ 

SI.  _SL 


17/ 


(4.  1-29) 
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4. 1 . 3  Lateral  Forces 

The  lateral  forces,  in  propeller  axes,  are  given  by  Equations  (4.  1-21)  and 
(4.  1-22) 


Fj  =  (£-*)  CosfC»S<f 

+  fi  (S~/)ZCasd'  cosO~ J 

(4.  1-30) 

r9  */*  z{°rf/ZZ  (£•  tf)  s/a/J  sw<F  +  £*/*  Cos  Y  5/VJ7" 

+  f,  C.J-  (6  -  Cos#  S/AfCF j 

(4.1-31) 


Making  the  required  substitutions  and  integrating  over  one  cycle,  the  average 
lateral  forces  are: 


i  1 
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and: 


* 


It  should  be  noted  that  no  ter.ns  ha\e  been  discarded  in  Equations  (4.  1-32)  and 
(4.  1-33). 
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4.1.4  Momenta  (Propeller  Axes} 

On  combining  {4.  1-24)  and  (4.  1-25)  with  (4.  1-19).  the  instantaneous  propeller 
moments  become: 


co3rc*s<r-Cs. 

*& S"J sf~JTf,*/0'-£g£(£-r)s'*lfs/*.<7J~j 


Making  the  proper  substitution  and  integrating  over  one  cycle  the  average 
moments  become: 


(4.  1  -  H) 
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and, 


In  (4-  1  -34)  and  (4.  1  -35)  all  terms  containing  second  and  third  powers  o(  ^  or 
"A  and  terms  containing  //'p  roducts  are  discarded. 
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4.  1. 5  Force/Moment  Summation  {Body  Axes) 

The  forces/moments  produced  by  the  propellers  with  respect  to  body  axes,  are 
related  to  the  propeller  forces/moments  of  Equations  (4.  1-19)  through  (4.  1-25) 
by  the  following  set  of  equations:  ~ 


Y'^ 


r  (4.1-36) 


Note  that  the  distance  from  the  plane  of  the  propellers  to  the  c.  g. , 
carries  no  sign.  The  body  forces/moments  of  {4.  1-36)  are  presented  in  Table 
4.  1-1.  In  this  table,  the  two  parts  of  and  // in  Equation  (4.  1-36)  have  been 
combined  into  one  expression  for  each.  Also  the  hull  interference  effect 
discussed  in  Reference  1  (pg  26)  has  been  taken  into  account  by  multiplying  all 
terms  containing  ^ and  ^  by  a  factor  of  2. 

At  this  point  it  is  desirable  to  review  the  assumptions,  approximations  and 
linearizations  that  have  been  made  m  deriving  the  expressions  set  forth  in 
Table  4.  1-1,  as  well  as  reviewing  some  of  the  limitations  on  their  use. 

(1)  The  effects  of  swirl  (tangential  component  of  induced  velocity)  and 
of  interaction  between  fore  and  aft  propellers  have  been  neglected. 
Swirl  is  neglected  on  the  grounds  that  the  component  of  swirl  due 
to  cyclic  pitch  is  small  relative  to  that  due  to  collective  pilch.  The 
latter  component  would  normally  be  "compensated"  for  by  slightly 
increased  rpm  or  #  (over  "design"' values).  Fore  and  aft  pro¬ 
peller  interaction  is  neglected  because  it  is  nonlinear  and  lacks 
axial  symmetry  for  any  maneuver  other  than  pure  rolling  or  axial 
acceleration  at  zero  angle  of  attack  of  the'  hull.  It  is  also  believed 
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that  neglect  of  propeller  interaction  is  consistent  with  the  neglect 
of  the  effects  of  the  propeller  slipstreams  on  the  hydrodynamic 
characteristics  of  the  body. 

(2)  The  influence  of  the  hull  on  the  velocities  induced  at  the  propellers 
has  been  neglected  with  the  exception  of  the  cross-flow  velocity. 

The  neglect  of  body-induced  changes  in  axial  velocity  is  based  on 
classical  slender-body  theory. 

(3)  The  important  assumptions  and  linearizations  made  in  the  mathe¬ 
matical  development  are  stated  in  Equations  (4.  1-11)  and  (4.  1-13) 
through  (4.  1-18).  In  deriving  the  expressions  for  forces/moments 
in  propeller  axes  the  equations  were  carried  out  to  completion  and 
terms  discarded  only  at  the  end.  Discarded  terir.f  include  those 
containing  squares,  cubes  and  products  of  the  motion  variables 

^  and  y* . 

(4)  The  propeller  equations  of  Table  4.  1-1  are  valid  within  the  limita¬ 
tions  reviewed  above  and  provided  that  the  inflow  velocity,  ^  ,  is 
defined  properly  for  the  operating  conditions  being  examined.  The 
proper  definition  of  ^2  is  discussed  further  in  the  next  section. 

4.1.6  The  Propeller  Equations  in  Coefficient  Form 

Subject  to  the  limitations  discussed  in  the  previous  section,  the  propeller 
forces/moments  for  the  general  case  of  low  speed  flight  are  given  by  the 
equations  of  Table  4.  1-1.  These  equations  are  explicit  m  the  blade-angle 
variables  So,  Si  ,  and  Sz.  ,  the  inflow  velocity  ,  and  the  motion  variables 
tc .  if- .  w .  p  .  .  y--  It  is  possible  to  place  these  equations  in  coefficient 

form,  in  somewhat  the  same  manner  as  was  done  for  the  high-speed  case,  in 
which  a  force  or  moment  is  expressed  as  the  product  of  a  dimensional  coeffi¬ 
cient  multiplied  by  functions  of  the  blade-angle  variables  and/or  multiplied  by 
the  motion  variables.  The  case  with  which  this  can  be  done  depends  markedly 
on  the  nature  of  the  th«’-i re'ical  expression  for  ^  ,  the  inflow  vclot  :ty.  For 


to 
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the  special  case  that  satisfies  the  condition. 


Zt 

Rjt 


(4.1-37) 


the  expression  for 


A 


given  in  Reference  1  (pg  37)  is  valid. 


This  expression, 


(a.  +&&/£./)'  ,4- 1  -381 

is  Kased  on  a  combined  lifting-line  and  propeller  momentum  analysis.  For  the 
postulated  configuration  of  the  TPS,  the  constants  A  and  t^have  the  approxi¬ 
mate  values  .95  and  -1.0  respectively.  By  limiting  ^#to  less  than  about 
0.  1  rad  in  magnitude.  Equation  (4.  1-38)  can  be  simplified  to 

J^gSla.6*,  h.i-39) 

with  a  loss  in  accuracy  of  about  12%. 


If  (4.  1-39)  is  substituted  into  the  equations  of  Table  4.  1-1,  the  inflow  velocity, 
jL  ,  can  be  eliminated  and  the  equations  can  be  further  reduced  without  diffi¬ 
culty  to  a  "coefficient"  form  (a  form  which  has  been  called  a  "force  matrix"). 
Such  a  substitution  has  been  carried  out  to  derive  Table  4.  1-2,  "Zero  Speed 
Force  and  Moment  Coefficients".  Note  that  the  •  nvation  of  this  table  and  its 
further  application  are  influenced  by  the  following  considerations: 


(*) 


(b) 


Balanced  operation  of  the  forward  and  aft  propellers  is  assumed, 
that  is,  -TL  .  For  convenience,  the  following  symbol 

changes  are  made: 


As  will  be  shown  in  Section  VI,  the  constraint  [4.  1-37)  cannot  be 
satisfied  even  at  very  low  forward  speed,'..  For  tins  reason  the 
matrix  is  limited  in  practical  application  to  the  zero  forward 
speed  case  (e.  g.  tore  and  aft  pripellers  counter-thrusting*.  For 
non -ze  ro  fa  rw  a  rd  speeds  (  see  Section  6.2),  an  expression  !::/  , 
somewhat  more  complicated  than  (4.  1-39),  will  be  given,  and 
substituted  directlv  into  the  general  equations  l:st»d  in  T  ible  4.1-1, 


See  Appendix  C 


a  d.Svjiss:  >n  ot  the  mfl  .w  vel. 
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(c)  The  matrix  form  of  the  propeller  equations  (Table  4.  1-2)  contain 

the  inflow  velocity  definition  (4.  1-39).  In  (4.  1-39)  the  effects  of 
cyclic  pitch  on  /L  have  been  neglected.*  This  assumption  requires 
that  and  be  much  smaller  than  So  ,  a  condition  which  is 

adhered  to  in  all  of  the  zero  and  low  speed  work  in  this  report. 

The  effect  of  appreciable  cyclic  pitch,  relative  to  <£  ,  where  the 
cyclic  frequency  is  one  cycle  per  revolution  (as  it  is  in  the  present 
case)  is  to  reduce  the  available  forces  due  to  cyclic  pitch  b/  a 
significant  factor.  According  to  the  two-dimensional  analyst  of 
Reference  5,  this  multiplying  factor  is  approximately  equal  *o 

•  where  £,  is  the  blade  chord.  In  addition,  the 
inclusion  of  finite-span  effects  (see  Reference  6,  for  example) 
would  involve  the  use  of  large  scale  digital  computer. 

A  meaningful  analysis  of  the  extreme  operating  condition# 
ponding  to  and  low  forward  speed,  would  be  most 

difficult  for  the  propeller  configurations  being  considered  Herein, 
since  individual  blades  would  be  intersecting  the  vortical  'v^he  of 
preceding  blades  in  certain  azimuth  positions.  Practical  consider¬ 
ation  of  high  oscillatory  stresses  that  would  probably  be  encountered 
under  these  conditions  tend  to  rule  out  the  possibility  of  oPcratmg 
in  this  mode. 

(d)  On  taking  due  account  of  the  sign  notation  prefixing  the  eqUjti0ns 

of  Table  4.  1-1  (e.  g.  +/*  for  the  JK-force  )  and  also  of  the  Sign 
change  required  for  the  aft-propeller  terms  involving  JO  .  **•# 

and  W  ,  the  two-propeller  forces/moments  are  expressed  in 
terms  of  specific  combinations  of  blade-pitch  angle.  Thus,.  CoHibin- 
ations  are  listed  in  the  first  column  of  Table  4.  1-2  and  are  denoted 

"  S  inputs".  Thus  the  -force  due  to  the  propellers  is  given 


bs 


#  i 


This  is  also  true  >t  the  less  restrictive'  rf<  fimtion  of  yC  m  b,  2, 

Note  that  ill  >i  the  entries  ire  multiplied  by  a 

v  ommon  tav  to  r  <SC/a.  ( r.  >t  show n). 
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TABLE  H. 1-2 

ZERO  SPEED  FORCE/MOMENT  COEFFICIENTS 


*<40|Ff  Iglfaf  C  f>! 

T"~ 


+  ^  </"*2 p ] 


in  which  terms  in  parentheses  {  )  are  £  inputs,  and  terms  in 
brackets  a  are  the  corresponding  JC  -force  coefficients  for  the 
$  inputs. 

Because  of  the  linearization  of  the  inflow  velocity  expression 
(4.  1-38),  certain  entries  in  Table  4.  1-2  will  contain  larger  errors 
than  others.  The  entry.line  /")(  *3  a  8°°^  example.  It  contains 
a  term  /~&  which  is  large,  relative  to  the  neglected  part  of  the 
inflow  expression  i  So/Sj  ,  but  not  so  large  as  to  preclude  a 
large  error,  depending  on  the  size  of  <£.  In  these  entries,  it  is 
suggested  that  an  equivalent  <Z  be  used,  say  {Z* ',  such  that 

/£,/  .  if  a'  is  evaluated  for  a  particular  ,  the 

entries  in  question  will  be  fairly  accurate  and  values  of  larger 

than  the  suggested  limit  (  =  0.  1)  may  be  used. 
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4.  2  HULL  HYDRODYNAMICS 

Representation  of  the  hull  forces  (given  in  dimensional  coefficient  form  in 
Table  4.2-1)  for  the  low-speed  case  is  complicated  by  the  absence  of  a  domin¬ 
ant  velocity  component  on  which  a  linearized  theory  could  be  based.  The  hull 
forces  are  therefore  nonlinear  in  form.  A  simplification  is  obtained  by 
assuming  that  the  forces  depend  on  the  individual  velocity  components. 

The  axial  drag  coefficient  (.00102)  was  based  on  results  presented  in  Reference 
7  and  is  open  to  question  for  very  low  Reynolds  numbers  (that  prevail  at  low 
forward  speeds).  Forces  arising  from  lateral  velocity  components  were  ob¬ 
tained  by  considering  the  hull  to  consist  of  a  series  of  right  circular  cylinders. 
The  drag  on  each  segment  v>as  estimated  from  data  given  in  Reference  8, 
including  the  effects  of  Reynolds  numbers.  The  cubic  terms  in  ^t»and  ^<2, 
arise  from  these  cross-flow  Reynolds  number  variations  along  the  hull.  * 

Flat  plate  drag  data  were  used  to  estimate  the  cross-flow  forces  on  the  sail 
and  a  linear  lateral  velocity  profile  was  assigned  to  account  for  yawing  and 
rolling  motions. 

The  ab^ve  treatment  of  hull  forces  is  admittedly  crude.  Greatest  percentage 
errors  occur  when  the  hull  is  moving  very  slowly,  and  the  propellers  are 
operating  at  high  thrust  levels  (and,  hence,  have  large  slipstream  velocities). 

In  this  situation,  however,  it  can  be  anticipated  that  the  propeller  forces  will 
be  very  much  larger  than  those  due  to  the  hull  and  the  absolute  errors  intro- 
duced  by  poorly  defined  hull  hydrodynamic  s  will  not  be  significant. 
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Table  4.2-1  Hull  Forces  and  Moments  -  Low-Speed 
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V 

SIX-DEGREE-OF-FREEDOM  EQUATIONS  OF  MOTION 
LOW-SPEED  FLIGHT 


The  six-degree -of-freedom  equations  of  motion  for  low-speed  operation  are 
written  in  the  saxno  way  as  the  high-speed  equations.  The  total  propeller 
forccs/moments,  defined  in  Table  4.  1-i  are  designated  by  subscript  ^  ,  The 
hull  forces/moment  of  Table  4.2-1  are  designated  by  the  subscript  ft  .  Their 
sum  is  then  equated  to  the  mass/inertia  reaction  terms.  Thus  : 


Z/  ~?H2  T4- ^  7<S-  -  Xp  +X/J  ' 

V-  /- &-  -  3  X/O 

7?7 3  X  *  *  I/>  *  Zff  ^ 

-V//  * 

/-A/# 

*  In  total  form,  as  contrasted  to  a  perturbation  form. 

**  Gyroscopic  terms  are  added  tj  the  propeller  and  hull  terms  if  applicable. 
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VI 

TRIMMED  HOVERING  FLIGHT 


Attention  is  confined  in  this  section  to:  (1)  the  required  trim  settings  of 
collective  pitch  for  very  low  (i.  e..  ,  hovering)  forward  speeds  and,  (2)  the 
generation  of  pure  translational  forces  by  means  of  cyclic  pitch  and  the 
translational  velocities  which  result  from  these  forces  . 

The  range  of  forward  speeds  is  arbitrarily  taken  to  be  O-^U.  ^  /  ft/sec..  Of 
interest  i3  the  capability  of  a  tandem-propeller  configuration  to  perform 
"creeping"  maneuvers  in  a  single  plane.  This  operational  mode  may  be  of  some 
practical  importance  in  submerged  rendezvous,  search,  escape  or  docking 
operations. 


As  noted  m  Reference  1,  it  is  possible  to  operate  at  zero  or  very  low  forward 
speeds  in  a  number  of  different  ways,  each  of  which  entails  a  specific  com¬ 
bination  of  forward  and  aft  propeller  settings,  either  rotating  (thrusting  or 
counter-thrusting)  or  locked.  Ir.  the  hovering  case  it  will  be  assumed  that  it 
is  desirable  to  achieve  translational  motions  without  rotation,  and  that  opera¬ 
tion  of  the  forward  and  aft  propellers  is  balanced  (i.  e.- ,  Cl  r  -  jfl  -  1 2.  )• 

T 

Three  modes  of  operation  will  be  considered 


The  question  of  blade  angle  resolution  is  treated  in  Section  7.  3.. 


4Q 
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(1)  Zero  forward  speed  -  zero  collective  pitch  forward  and  aft. 

(2)  Zero  forward  speed  -  counter-thrusting  colloctw®  pitch 
forward  and  aft. 

(3)  Very  low  forward  speed  -  thrusting  collective  pitch  forward 
and  aft 

6.  1  ZERO  FORWARD  SPEED  -  ZERO  COLLECTIVE  PITCH 

At  zero  forward  speed,  with  zero  collective  and  eye ' ; c  p-teh,  forward  and  aft, 
the  neutrally-buoyant  submarine  will  remain  stationary.  U  would  be  desirable 
to  be  able  to  predict  whether  or  not  it  is  possible  to  generate  pure  sideforce 
under  these  conditions,  by  the  exclusive  application  of  cyclic  pitch.  Unfor¬ 
tunately,  the  approximate  propeller  equations  presented  in  Section  IV  cannot 
be  used  when  $t  or  >  £0  (see  Section  4.  16).  Accordingly,  no  strictly 
valid  conclusions  can  be  drawn  relative  to  the  zero  collective  pitch  case  on  the 
basis  of  the  developed  equations.  Nevertheless,  it  is  of  interest  to  note  that 
there  is  only  one  uncoupled*  V  (or  ~h.  )  coefficient,  listed  in  Table  4.  1-2, 
accounting  for  the  generation  of  a  sideforce,  and  it  is  ^-dependent.  The 
tentative  conclusion  is  that  pure  sideforce  cannot  be  developed  when  the 
collective  pitch  setting  is  zero. 

6.  2  ZERO  FORWARD  SPEED  -  COUNTER-THRUSTING  COLLECTIVE  PITCH 

In  this  mode  of  balanced  operation,  forward  and  aft  collective  pitch  are  equal 
in  magnitude  but  oppositely  signed,  (i.  e.  ,  V  =  •  £».  --  -So  >*  Net 

thrust,  forward  velocity,  and  net  roll  moment  are  zero.  From  Table  4.  1-2, 
the  uncoupled  'Y  and  H  forces  are  given  in  lines  12  and  10  respectively  as: 


An  uncoupled  coefficient  is  taken  to  mean  one  which  is  independent  of  all 
of  the  motion  variables  but  dependent  only  on  control  inputs. 

A  S  symbol  without  the  forward  or  aft  subscript  carries  no  inherent  sign. 


. 
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vTp  =  QC/n_(Sz|!+S2A!)S0['-Xi^lc (i-a) - -^s.  (6.2-1) 

w 

Hp  z.  QC//A.(kf+£a^So[-JXf,C  (i- Cl)  -  ^  Cl  cSJ  Abs-  (6.2-2) 

If  we  focus  our  attention  on  the  ij-  axis,  and  let  Sif  =  Sia.  =  4*Sl  > 

(6.  2-1)  becomes: 

Yp  =  -  2qc  gas2  [  f,c  6-  =o  + 1 J  »■ 2-3> 

For  the  postulated  configuration: 

Q  =  jo  AM  rW  =  S62o_n> 

C  r 

f,  S  .1 

a.  5  3 

Thus : 

'Yp  —  — -  GJC  So  Q*  ?  — -3l4c>O-0.  (6.  2-3a) 

If  *s  restricted  to  a  maximum  of  0.  2  £e  ,  in  keeping  with  the  assumption 
that  Sj  £  So  .  and  if  Jo  ‘s  limited  to  about  0.  1,  in  keeping  with  the 
linear  approximation  of  the  expression  for  inflow  velocity  (refer  to  Equation 
4.  1*39)  the  available  sidefcrce  is  then: 

I  Vp  |  m**  =  (o 2 XL  Jibs  (6.2-4) 

t  1 

At  high  propeller  speeds,  say  5  rad  sec,  the  available  force  is  about  1S00  lbs. 


For  the  same  cyclic  control  input  about  1  1,000  lbs  are  available  in  the  high 
speed  ca  so. 


M 
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Before  proceeding  to  compute  the  side  velocity,  V  ,  which  may  be  obtained 
with  this  sideforce,  it  is  interesting  to  draw  an  analogy  between  the  previously 
developed  expression  for  sideforce  in  the  high-speed  case  and  Equation  (6.  2-3). 

The  sideforce  expression  in  the  high-speed  case  is  given  by  Equation  (5-15), 
Reference  1  (with  change  in  collective  pitch,  ,  equal  to  zero): 


contbol  Force  = 


(6.2-5) 


Notice  first  that  in  the  high-speed  case,  with  both  propellers  thrusting,  side- 
force,  Y  ,  is  obtained  by  difference^- cosine  cyclic  pitch  (Sa-p-Saa.  ) .  whereas 
in  the  hovering  case  above,  with  the  propellers  counter-thrusting,  it  is  obtained 
by  sum-cosine  cyclic  pitch  (  &ta.  ),  per  Equation  (6.2-1).  If,  in  (6.2-5) 

above  Sa-f  =  4* Si  .  Sw.  =  -Si  ,  and  the  expression  for  (pg  46  of  Reference  1) 
is  substituted: 

Hi. 


Now  if  the  following  limits  are  taken: 

as  U6  — O  L  — I CC  So 

Svn  io  ~  - *  '^/  R-fl- 

Cotrlfo  =  ‘/Vo  — *  R-0-/1 

o/o  —  So—Yo  ^  &<* —  Vfeji. 


the  "high-speed''  expression  for  sideforce  reduces  to 

Yc.  -  ^  4- -(.C^Ci-o.)  ^ 

Nvhich  is  identical  in  form  to  Equation  (r.  2-3),  for  the  hovering  case.. 
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i  > 


Returning  to  the  hovering  case,  it  is  of  interest  to  compute,  with  the  aid  of  the 
coefficients  of  Table  4.  1-2,  the  steady-state  ^  -velocity  that  can  be  attained, 
as  well  as  some  of  the  coupling  forces/moments. 


Assume  that  the  submarine  is  initially  in  a  balanced  counter-thrusting  state 

(i.  e. »  =  +£*  * S»ol  =  -£  )  with  Si  =£z=H.  =  2r'-to=p=<£  -r  -o 

If  sum-cosine  cyclic  pitch  is  applied,  that  is,  Stf  -  tfz  ,  and  i?4L  =  +£t  ,  the 

uncoupled  ^  -force,  given  by  (6.  2-1)  can  be  summed  with  the  appropriate, 

remaining  propeller  forces  in  Table  4.  1-2  and  the  hull  hydrodynamic  force  in 

* 

Table  4.2-1.  The  result  is: 

2  SoZQC  Lzficlv  i2ZSi<£  <3C  2r 

M.  L  /$  J  -A-  1  2  J  eft  3L 


4  Z&2  [-  |  f  C  ]ir  -  J pJL*Co8i )  "ir  tv/  =  O  (6.2-6) 

-12-  2  1  £  2 1 

In  keeping  with  the  restriction  that  <  So  .  the  £*  -dependent  drag  is 
small  compared  to  the  -dependent  drag,  and  can  be  ignored.  The  approxi¬ 

mate  Lj  -force  expression  then  becomes: 

QC  /  -  4-CfX  tr  -  2S£*fL  (-f,C  Ct-cL)  +  0. ) 

-^2.  /  AJ  2 

-  44.  7r  f  -  1  pjff-oS/)  v/v/  =  o  (6.2-7) 

CR  J 


On  substituting  the  following  physical  constants: 

£0=  o.l.  £2  =  0.01:  fc.l  ;  C-S.-J  ;  d  -.US,  d-- jr.b/  -lb  ,  ft  -3  ; 

ft  -  H  ;  4.  =  ;  Qc  =  4  P  c  •  (*>-2-7)  becomes: 

-T2.  2/ 


ir  /■  .  65-6  JX  4  <£/. -S'  v/tt/  ~  O  . 

JTL 


(6.  2-8) 


Since  T 7-0  in  the  steadv-state,  there  are  no  inertia  reaction  forces. 


AG-  1'  M- V-2 


£or  which:  V  =  -.0$  jt/s*C  (-/2=/) 
and  Ifz.  -.iBftfaC'  (-Q-S) 


For  the  case  jTl.  ~  1,  above,  the  inflow  velocity  is: 

i  i  RjCL  f.fs  &-&/&/) 

-  .  94  ft/s'c-  j 

and  the  thrust  per  propeller  (neglecting  drag)  is, 

Xp  =  fyftN.tfS’-G*  (S.-ij) 

s  496  Jbj.* 

In  the  calculations  just  given  for  the  trim  -velocity,  it  was  tacitly  assumed 
that  all  propeller  force/moment  couplings  to  other  than  the  ^f-axis  were  zero. 
These  couplings  can  be  identified  by  using  the  coefficients  of  Table  4.  1-2. 


* 

This  is  approximately  equal  to  the  thrust  due  to  change  jn  momentum  given 
by  ,  where  =  the  projected  area  of  the  propeller  disc. 


54 
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On  noting  that  Sf  =  O  ,  the  complete  set  of  $  inputs  for  the  case  just 
treated  are: 


Line* 

Effective  S 

Inputs 

2 

S&f  -  SoCL  - 

ZSo 

5 

&  f+  Si  a  = 

ZSz 

7 

zC 

12 

S«fSif-  <So«  Sz&  = 

2&,S 2 

15 

sit 

CM 

20 

So?-  sX 

2  Si 

22 

S°f-  +  Soa.  Sz  a.  - 

ZSiSz 

23 

)  = 

Sc  St 

24 

$<>*■  ( $'/•?’+  St*)  = 

"Sett 

25 

S~  independent 

On  multiplying  each  $  -input  by  the  corresponding  coefficient  in  each  axis,  it 
is  seen  that  the  coupled  and  jJ- forces  due  to  the  propellers  are  zero.  The 
coupled  and  ^/-moments  are  also  zero,  but  the  coupled  -moment  is 
(from  lines  5,  20  and  22  of  Table  4.  1-2), 

^  ^  [--fiCarfir  -f  2So  i?  [a  0-cl) -Qfcf.  cj ^ 


in  which  the  dominant  term  is  the  first.  This  term  yields  a  patching  moment 
of  -7700  ft"#  (approximate)  for  fx  =  .02  rad.  This  moment  is  not  ^ 

significant  at  low  SL  but  would  have  to  be  balanced  out  by  appropriate  control 
action  for_/X  approaching  maximum  values. 

The  roll-  and  yaw-moment  couplings  resulting  from  the  hydrodynamic  charac¬ 
teristics  of  the  hull,  are  given  in  Table  4.  2-1  as: 

Kv  =  000  39s) 

and 

Nv  =  vl^l  (‘Oooc  4) 

On  substituting  the  two  values  for  ^jtrim  ^oun<*  above,  we  obtain: 

when  JX  =  1,  and  TT  =  -.09  ft/sec  :  ^  -moment  =  67  ft-# ;  /V -moment  =  7  ft-# 
when  _fl  =  5,  and  'Z/’=  -.48  ft/sec  :  ^  -moment  =  1900  ft-#;  A/ -moment  =  190  ft-# 

Since  these  moments  are  not  negligible,  at  high-2X,  it  wouH  be  necessary  to  cancel 
them  by  appropriate  propeller  action  in  order  to  obtain  zero  roll/yaw  rates. 

In  summary,  we  find  that  for  the  counter-thrusting  hovering  case  (  H.  =  O  ), 
lateral  velocities  of  the  order  of  .  1  ft/ sec  and  .  5  ft/ sec  can  be  attained  at  low 
and  high  propeller  speeds,  respectively,  for  a  collective  pitch  of  approximately 
0.  1  radian  and  cyclic  settings  of  0.02  radian.  The  propeller  forces  coupling  into 
and  J,are  zero,  as  are  the  coupled  (propeller)  and  N  -moments.  The 
coupled  /^-moment,  due  to  the  propellers,  is  not  large  enough  to  present  any 
problem  in  achieving  a  pure  side-velocity  but  the  roll  and  yaw  moments  (parti¬ 
cularly  roll)  caused  by  the  hydrodynamic  characteristics  of  the  hull  would  have  to 
be  cancelled  by  proper  control  action. 


Since  the  propeller  hydrodynamics  m  the^-direction  and  the  ‘-direction  are 
identical,  and  Z  ~  Ytr  •  these  results  would  also  apply  to  i. -velocities. 
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6.  3  VERY  LOW  FORWARD  SPEED  -  THRUSTING  COLLECTIVE  PITCH 
In  this  mode  of  operation  the  collective  pitch  of  the  forward  and  aft  propellers 
is  trimmed  at  levels  that  yield  a  small,  net  positive  thrust  and  a  resulting 
forward  velocity  slightly  greater  than  zero.  Consideration  of  this  mode  of 
operation  will  provide  a  rough  indication  of  the  ability  of  a  TPS  configuration 
to  execute  very  slow  translational  maneuvers  in  a  single  plane.  Attention 
will  be  confined  to  the  generation  of  pure  sideforce.  No  examination  will  be 
made  of  the  steady-state  response  to  a  turning  control  moment,  although 
rolling  and  yawing  moments  may  exist  because  of  hydrodynamic  coupling. 

A  small  net  thrust  rnay  be  achieved  in  at  least  two  different  ways.  In  the  first 
way,  the  $  -inputs  are  symmetrical  (S*/-S**.~  ),  So  i3  small  and  pro¬ 

peller  speeds  are  equal.  Y  “force  is  obtained  by  superimposing  difference- 
cosine  cyclic  pitch,  Sif-  Si* ,  upon  the  trim  collective  pitch.  In  the  second 
way,  large,  nearly  equal,  values  of  asymmetrical  collective  pitch  are  used. 

If  Q  is  small,  and  Sof-  /So*6  while  Sml~ the  sum,  Sof+Joa  •  »3 
positive  and  small. 

The  first  method,  i.  e. ,  using  small  values  of  Sc  »  is  more  efficient  with 
respect  to  power  consumption  and  will  be  examined  below  for  (1)  trimmed 
forward  flight  and  (2)  the  generation  of  a  pure  sideforce. 

The  required  collective  pitch  for  trimmed,  very  low  forward-speed  flight  will 
be  determined  by  equating  the  propeller  X  -forces  in  Table  4.  1-1  to  the  hull 
drag.  If  hj-  ~  /So  ,  So*.  =  -hSe  and  S,  =  Si  -  T  -  O  , 

have: 

%il  -SQQJ-&1 

-ZQ{,c; j S,1  (-ffi }  .oo,l\/u! 
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in  which  the  squared  and  cubed  terms  involving 
Equation  (6.  3-1)  can  be  written  as: 


KH 

kSl 


have  been  ignored. 


f  /f  f  -  .i  / /  f  (k?  /■  /•  G .  £> 1  / 

Rti  /  ^  /  *&/  / 


-0,00/  Ji 


(6.  3-2) 


For  small  ^  (i.  e.  ,  very  low  forward  speeds),  the  drag  terms  in  the  brackets 
can  be  expected  to  be  small  relative  to  unity.  These  terms  can  be  discarded 
in  the  /BA  multiplier,  since  Vm-  the  inflow  "angle  of  attack",  will  generally 
be  much  smaller  than  .  On  the  other  hand,  for  accurate  results,  the  drag 
terms  should  not  be  dropped  in  the  j^^multiplier  because  wi^  usually 

be  very  nearly  equal  to  £  (leading  to  the  problem  of  a  small  difference  of 
large  numbers).  Since  in  the  present  case  we  are  interested  only  in  arriving  at 
oruer-of-magnitude  results,  the  drag  terms  will  be  dropped  in  both  brackets. 
The  error  in  computed  U*  will  be  of  the  order  of  15  or  20  percent. 

On  substituting  the  expression  for  L/na  given  in  Appendix  C  (Equation  C-5), 

(6,  3-2)  becomes:. 


<u  £ 


■ '“iff £h.) 


B*n> 


there  g(u  -  So  -  — 
K  £jQ. 


-3-  /. 

2AR.  4- 


(6.  3-3) 


See  computations  given  below. 
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For  an  arbitrarily  selected  value  of  =  .050,  Equation  (6.  3-3)  can  be  used 

compute  ol^  ,  while  and  fy/l.  may  be  determined  from  relationships 
previously  given.  The  following  results  are  obtained: 


%a.  *  -050  /  «• 
<*u  =  So- 

£  =.0538 

l/na.' .  0034 


55  ft/ sec  for  JX 


Thus,  with  JX  =  1,  the  required  for  ii  =  .  55  ft/sec  is,  roughly,  2.9*.  The 
inflow  velocity  is  quite  small,  being  about  .04  ft/sec  (i.e.,  <.4  U)  and  the  hydro- 
dynamic  angle  of  attack,  £»  «•  £££  ,  is  also  quite  small.  The  two-propeller 

thrust,  neglecting  drag,  is  computed  to  be  about  23  lbs  .  It  is  cautioned  that 
this  thrust  computation,  and  the  calculations  preceding  it,  are  admittedly  quite 
crude.  In  addition  to  the  general  limitations  previously  noted  in  developing 
the  propeller  and  inflow  velocity  equations,  and  the  caution  expressed  in 
Section  4.2  concerning  the  accuracy  of  the  assumed  hull  drag  coefficient,  it  is 
possible  that  significant  Reynold's  number  effects  are  not  being  accounted  for 
at  the  low  tip  speeds  involved  (e.  g.  JX  =1).  In  the  final  analysis,  it  will  pro¬ 
bably  prove  necessary  to  resort  to  experimental  data  in  order  to  carry  out  the 
kind  of  calculations  attempted  in  this  section.  Accordingly,  only  a  brief 
qualitative  discussion  will  be  given  of  the  generation  of  sideforce  under  the 
conditions  specified  above. 


At  this  thrust  level,  many  minutes  (perhaps  hours)  would  be  required  to  build 
up  to  forward  speed! 


5? 
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A  crude  approximation  of  the  sideforce  available  by  means  of  cyclic  pitch  can 
be  obtained  from  the  Y  -force  equation  of  Table  4.  1-1,  wherein  drag  effects 
are  neglected.  On  using  difference-cosine  cyclic  pitch  as  the  control  input 
(i.e. ,  Sl-f  =  hix  •  =  -£t).  we  obtain: 


Yp  ^  -ocSx  jyti  <6-3-4> 

BO. 

Since,  for  the  trimmed,  forward  flight  conditions  described  above, 

=  .0534,  the  propeller  sideforce  is: 

Yp  =  -5820  St1  (5.  7)(.  0534)  =  -  1770  lbs. 

If  the  above  result  is  compared  with  the  counter-thrusting  case  of  the  previous 
section,  namely. 


Yp  ~  *  1400  XL2  &a£x  lbs, . 


(6, 2 -3a) 


it  is  found  that  the  cwo  forces  are  about  equal  when  the  conditions  of  the  present 
case  are  inserted  into  (6.  2-3a),  that  is,  £-0  =  .0538  and  J2.  =  1.  Thus,  it 
should  be  possible  to  produce  side  velocities,  in  the  present  case,  of  about  the 
same  order  of  magnitude  as  were  produced  in  the  counter-thrusting  case.  In 
addition,  the  hydrodynamic  couplings  for  the  present  case  should  be  quite  com- 
pi\  able  to  the  counter-thrusting  case,  although  these  couplings  are  not  so 
easily  sorted  out  in  the  basic  propeller  equations  of  Table  4.  1-  1,  as  they  are 
in  the  matrix  of  Table  4.  1-2. 

A  significant  difference  between  the  counter-thrusting  case  and  the  case  of 
very  low  forward  speed  is  that  m  the  latter,  a  control  input  fiy-T,  a.  produces 
''f'  -force,  as  it  does  m  the  high  speed  case,  whereas,  the  required  input  is 
£if+£u.  when  the  propellers  are  counter-thrusting.  This  difference  is  due  to 
the  fact  that  of  the  aft  propeller  is  negative  for  the  counter-thrusting  case 
and  positive  for  the  thrusting  case. 


Au  le  t  i-  v  -2 


I 


In  closing  this  section,  it  must  be  emphasized  that,  aside  from  questions  of 
limitations  on  the  analysis  and  the  validity  of  assumptions,  the  numerical 
examples  given  are  not  indicative  of  maximum  performance.  Relatively  low 
levels  of  collective  and  cyclic  pitch  were  used,  for  reasons  which  have  been 
explained.  More  exact  performance  predictions  can  be  made  when  the  appro¬ 
priate  experimental  data  become  available,  or  if  the  analysis  presented 
herein  is  extended  and  refined  considerably. 


ol 


AG  -  1  *'  1 4  -  V  -  i 


VII 

STABILITY  AND  CONTROL 


7.1  LOW -SPEED  OPERATION 

Aside  from  the  analysis  of  control  force/moment  interactions  and  the  steady- 
state  translational  velocities  achievable  in  trimmed,  hovering  flight  (reported 
in  Section  VI)  it  has  not  been  possible  to  perform  any  significant  work  on 
low-speed  stability  and  control  in  the  present  study.  A  low-speed  stability 
and  control  analysis  is  discussed  as  a  future  work  item  in  Section  VIII. 

7.2  HIGH-SPEED  OPERATION 

As  pointed  out  earlier,  the  work  to  be  described  in  this  section  may  be  thought 
of  as  a  continuation  of  the  trim  and  stability  and  control  studies  accomplished 
and  reported  in  Reference  1.  Topics  considered  in  this  section  are: 

(1)  Analysis  of  Diving  Performance 

(2)  Two  Propeller,  Symmetrical  Operation  -  Yaw  Plane 

(3)  High  Speed  Operation  with  One  Powered  Propeller  -  Yaw  Plane 


t>3 
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7«2.  1  Analysis  of  Diving  Performance 

In  order  to  provide  quantitative  data  for  comparing  the  TPS  high  speed  pitch- 
plane  performance  with  that  of  a  representative  contemporary  submarine,  a 
study  of  the  dynamic  behavior  of  the  TPS  in  the  pitch  plane  was  performed 
and  the  results  reported  in  Reference  1  (pp  73-87).  In  addition  to  this  small 
perturbation  or  linearized  analysis, the  determination  of  maximum  diving  rates 
consis.ent  with  available  control  range  is  important  for  defining  the  envelope 
of  pitch-plane  maneuverability  within  which  the  TPS  must  operate  because  of 
limited  control  forces  and  moments.  In  this  section,  calculations  are  made 
to  determine  limit  diving-rate  maneuvers  at  constant  forward  speed  in  terms 
of  (1)  peak  blade  angles  of  attack  required  to  maintain  a  given  steady-state 
depth  rate,  and  (2)  peak  blade  angles  of  attack  required  to  achieve  transient 
depth  rate  changes  in  response  to  a  sudden  change  in  ordered  pitching  moment. 
The  results  are  compared  with  calculated  results  for  similar  maneuvers  in  a 
contemporary  submarine  of  the  Albacore  class. 


7.2.  1.  1  Steady-State  Diving  Maneuvers 

The  application  of  a  constant  pitching  moment  to  the  submarine  by  means  of  a 

cyclic  pitch  input  causing  a  pure  pitching  moment  results  in  a  steady-state 

*  ♦ 

depth  rate,  hs  *  On  referring  to  Reference  1  (pg  69),  Equations  (7-3),  we 
find  that  the  relationships  between  depth  rate,  pitch  angle,  and  pitching 
moment  for  a  steady-state  diving-rate  maneuver  are  given  by: 


-[Mzo-  %  ■/ /V* ]oss  - g =/% 

Solving  Equations  (7.  2-1)  fo/  ^ and  ,  we  have 

%ss  -  -  &ss 


(7.2-1) 


(7.2-2) 


6ss 


m 


(7.2-3) 


*  It  is  assumed  that  basic  "arrow"  stability  has  been  achieved  through  direct- 
axis  feedback  terms  in  the  pitching  moment  equation,  as  explained  in  Refer¬ 
ence  l  (pp  71-7  3). 
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Equation  (7.  2-2)  shows  that  the  hull  angle  of  attack  (or  velocity  U/  along  the 
submarine  ^  axis)  is  zero,  in  contrast  to  the  non-zero  steady-state  angle  of 
attack  that  would  e*»at  tor  a  conventional  submarine.  This  condition  is 
deeixaDie  because  it  minimizes  ihe  hull  drag  profile,  during  a  steady-state 
descent. 

For  purposes  of  numerical  computation,  it  is  assumed  that  a  steady-state 
pitch  angle  of  the  hull  equal  to  twenty  degrees  is  the  maximum  permissible 
value.  Under  this  assumption,  a  longitudinal  velocity  of  =  40  ft/ sec  (the 
assumed  high-speed  value  of  in  Reference  1,  Table  6-1)  yields  a  maximum 
steady-state  depth  rate  of 


jss  U  ' 


It  is  desirable  to  compute  the  peak  values  of  propeller-blade  angles  of  attack 
required  to  generate  this  steady-state  depth  rate  in  order  to  determine  whether 
propeller  stalling  will  occur;  namely,  can  the  specified  steady-state  pitch- 
angle  be  obtained  within  the  linear  range  of  available  control  forces  and  moments. 
On  substituting  values  of  A^and/^-  taken  from  Reference  1,  Equation  (7.2-3) 
indicates  that  the^-axis  control -moment  input  necessary  to  achieve  a  steady- 
state  pitch  angle  of  twenty  degrees  is 

^  -9.Z3*/Ol  ,  s 

^  =  "  (2o)  -  6-37 

If  a  symmetrical  control  input  is  assumed,  <^7  consists  of  equal  values  of 
the  fore  and  aft  sine-cyclic  pitch  angles,  and  &/(Z  ,  that  is, 


=  "4a.  *  Z  £/a. 


z  S/f 


(7.2-4) 


Thus,  the  magnitude  of  fore  and  aft  cyclic  pitch  required  to  produce  a  steady- 
state  divirg  rate  of  14  ft/ sec  or  a  steady-state  pitch  angle  of  20  degrees  is 


£,f  --  <£*  (6  37)  -  3./a</<g 
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The  instantaneous  angle  of  attack  of  a  single  propeller  blade,  for  high-speed 
operation,  is  given  by: 


eX  (O')*  S/*/<?(t)  +£z  CosO~(t)  (7.2-5) 

Thus  the  peak  angle  of  attack  of  any  blade,  that  occurs  during  one  revolution  of 
the  propeller,  is  given  by*: 


/  **  *  /*• 


(7.2-6) 


For  the  vertical -plane  maneuver  under  consideration,  Equation  (7.2-6)  reduces 


~  Z0*  •/y/^ a/ 


Reference  1  indicates  that  the  trim  angle  of  attack,  ,  is  0.  10  rad  (5.73  deg) 
for  a.  -  •loft/ sec.  Therefore, 


*  S-73  +S.I8  •  8.9/ 


Thus,  the  percentage  of  available  pitching  moment  required  to  achieve  a  steady- 
state  diving  rate  of  fourteen  It/  sec  =  20  deg)  is 


/OO 


Me  _  /oo S’,*  g,  _  C'Q0)(3-/s)  _ 


2  o  -  S.  73 
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whe  re  13  assumed  to  be  20  degrees  (approximately).  Note,  however,  that 

the  percentage  of  total  available  control  power,  including  contributions  to  both 

8.91 

longitudinal  thrust  and  pitching  moment  is  100  ( -yy- )  *  94.6  percent.  We  con¬ 
clude  then,  that  the  peak  values  of  blade  angle  of  attack  required  to  achieve  a 
steady-state  pitch  angle  of  20  degrees  fall  well  within  the  linear  range  of  the 
individual  propeller  lift  curves. 


*  If  we  assame  that  4  S(tJ» r,c  s  slowly  relative  to  &/*/&"( (?)  and<?^„* 
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7.2.  1.2  Tran- ient  Maneuvers  in  the  Vertical  Plane 

Reference  1  recommends  that  stabilization  of  the  TPS  pitch-plane  motions  be 
accomplished  through  direct-axis  feedback  of  pitch  angle  and  pitch  rate  to  the 
cyclic -pitch  control.  Accordingly,  the  -  moment  control  input,  ,  is 

related  to  an  ordered  value,  S/yg  ,  by: 


<$M  =  -  /F '  0 


(7.2-7) 


If  the  diving  maneuver  is  considered  to  be  the  depth  rate  resulting  from  a 
sudden  (step)  change  in  ordered  pitching  moment,  /^f  the  variable  &/>? 

will  vary  with  time  until  the  pitch  rate  decays  to  zero.  If  the  submarine  is 
flying  straight  and  level,  the  initial  depth  rate  and  pitch  angle  will  be  zero. 
Further,  because  of  the  large  moment  of  inertia  in  pitch,  *  a  period  of 

time  must  elapse  before  and  &  differ  significantly  from  zero.  Conse¬ 
quently,  and  are  equal  initially,  that  is, 

$/y  (a  +)  -  (o  +) 

In  Section  7.2.  1,  1,  it  was  shown  that  the  steady-state  pitch  angle  is  related 
to  the  -  axis  moment  control  input,  ,  as  follows: 


^sj  =' &** 


Thus,  to  achieve  a  steady- state  pitch  angle  of  20  degrees,  cf£y  r  6.  37  degrees. 
The  magnitude  of  step-input  of  necessary  to  result  in  the  above  value  of 

1S  obtained  by  solving  Equation  (7.2-7)  for  . 

For  — 

K#  :S  (R  eference  1,  Figure  7-9) 


S„c  -  6  37  *(s)(eo)  *  /OG 
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Thus,  to  perform  a  dive  in  which  $  goes  from  zero  to  twenty  degrees,  in 
response  to  a  step-change  in  the  fore  and  aft  cyclic  pitch  required  at 

O +  are 

5/a  3  * S3  Z  Jf* 

Note  that  these  values  of  cyclic  pitch  will  place  the  peak  angle  of  attack  of 
individual  blades  well  above  the  stall  limit.  Thus  the  requirement  to  provide 
automatic  control  for  dynamic  stability  does  not  permit  the  ordering  of  a 
step  change  in  ''command"  cyclic  pitch  which,  in  the  steady-state,  will  result 
in  the  cyclic -pitch  level  required  to  produce  the  specified  dive  angle  of 
twenty  degrees.  The  stabilization  process,  in  effect,  reduces  the  control 
effectiveness  of  the  submarine  during  transient  conditions  but  does  not  influ¬ 
ence  the  control  effectiveness  in  the  steady  state. 

Since  the  effects  of  control  saturation  on  the  pitch-plane  response  of  the  TPS 
were  not  included  in  the  analog  computer  work  reported  in  Reference  1,  the 
degradation  of  response  time  due  to  control  saturation  is  not  known.  Qualita¬ 
tively,  however,  the  effect  is  not  expected  to  be  serious  because  of  the 
inherent  j.;tch  instability,  wherein  the  high-speed  submarine  response  is 
rapidly  divergent  due  to  destabilizing  hull  forces.  When  an  appreciable  pitch 
rate  and/or  pitch  angle  does  develop,  the  feedback  control  system  will  act  to 
stabilize  the  remaining  portion  of  the  transient  response.  This  fact  is  clearly 
illustrated  in  Reference  1,  Figure  7-9,  where  the  fore  and  aft  blade  angles 
of  attack  reverse  almost  immediately  after  application  of  the  step  function  of 
ordered  pitching  moment  The  time  constant  associated  with  the  linear 

system  responses  shown  in  this  figure  are  about  forty  seconds  and  could 
probably  be  improved  by  using  pitch  acceleration  feedback. 


.Vi  - 1 1 #  n  -  v 


7.  2. 1.  3  Albacore  Diving  Rate 

Calculations,  similar  to  those  of  the  previous  section,  for  an  Albacore-type 
submarine  indicate  that  a  pitch  angle  of  twenty  degrees  can  be  obtained  when. 


-1.6  deg.  the  bowplane  angle 


0.9  deg.  the  aternplane  angle 


The  Albacore  pitch  plane  response  time  (here  defined  as  time  required  to 
:•  ach  95%  of  the  ordered  value  of  pitch  angle)  is  approximately  80  seconds, 
according  to  data  from  Reference  2.  The  corresponding  response  time’for 
the  TPS  is  approximately  40  seconds.  The  value  for  the  TPS  depends  on  the 
magnitudes  of  the  feedback  gains  selected  and  is  not  to  be  considered  as 
optimum.  It  is  concluded  that,  in  comparison  with  an  Albacore-type  ship, 
the  TPS  can  achieve  an  equivalent  steady- state  diving  rate  in  an  equivalent, 
or  less,  time.  However,  the  TPS  uses  a  greater  percentage  of  available 
control  power  (Approximate  values  for  this  example:  TPS  -  22%;  Albacore- 
type  -  8%). 


7.  2.  2  Two  Propeller,  Symmetrical  Operation  -  Yaw  Plane 

In  Section  VII  of  Reference  1  a  summary  is  presented  of  the  stability  analysis 
and  control- system  studies  performed  to  achieve  desirable  pitch-plane 
behavior  of  the  TPS.  A  similar  study  has  since  been  performed  of  the  yaw- 
plane  behavior  of  the  TPS  using  both  operational-calculus  and  analog-computer 
techniques.  As  before,  care  was  taken  to  restrict  propeller  angles  of  attack 
to  values  below  an  assumed  stall  point,  and  an  assessment  of  the  division  of 
control  power  between  the  required  stability  augmentation  and  desired 
maneuverability  was  made.  The  nonlinear  control  coupling  terms  (Reference  1, 
pp  48  and  49)  were  included  m  the  analog -computer  simulation  and  conclusions 
are  drawn  .herein,  as  to  their  significance. 
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7. 2.  2.  1  Equations  of  Motion 

The  dynamic  equations  that  describe  the  six-degree-of-freedom  response  of 
the  TPS  to  control  forces  and  moments  are  given  in  Reference  1  (pg  53).  For 
small  perturbations  from  trim  conditions,  it  is  possible  to  replace  the  non¬ 
linear  terms  represented  byproducts  of  variables  and  trigonometric  functions 
in  these  equations  with  the  first  order  terms  of  Taylor-series  expansions, 
resulting  in  a  set  of  linear,  ordinary-differential  equations  in  the  perturbed 
variables  (Reference  1,  pg  69).  In  studying  the  yaw-plane  behavior,  the  yaw- 
pitch  coupling  term  is  neglected;  more  exactly,  the  assumption  is  made 
that  the  proper  Sf  (sine)  cyclic -pitch  components  are  applied  to  the  propellers 
to  cause  a  zero  value  of  pitch  rate  for  all  yaw-plane  maneuvers.  For  linear 
operation,  the  neglect  of  A^tor  the  assumption  that  pitching  moments  are 
available  to  cancel  the  effect  of  /^£nare  equivalent  insofar  as  yaw-plane 
results  are  concerned.  With  limited  control  power,  however,  the  -cyclic- 
pitch  components  required  to  hold  a  zero  pitch  rate  subtract  from  the  control 
power  available  to  perform  yaw-plane  maneuvers. 

The  yaw-roll  equations  are  given  in  matrix  form  by*: 


(vr.Xt-y*.)  -Yfs' 

Hs) 

-aV 

d33s-/^J 

• 

ft y 

Me 

~  ^y- 

_ 

The  control  terms,  .j/c  ,  originally  given  m  Reference  l,  are  repeated 
below  for  convenience. 


*  The  propeller  gyroscopic  coupling 
balanced  propeller  operation. 


coefficient  { 


is  zcro  with 


AG-lo34-Y-> 
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Yas  s  -4  ^  4/  ^ fyJ+'&f-s, 

^cKa*  4r  +*(4f)z  4f  4^  +^6*(*£  4*  +*£&> 

(7.  2-9) 

By  forming  the  characteristic  equation*  of  the  yaw -plane  dynamics  of  the  TPS 
and  substituting  the  numerical  values  tabulated  in  Reference  1,  it  is  readily 
determined  that  the  TPS  is  unstable  in  the  yaw-plane.  This  result  was  also 
noted  in  the  pitch-plane  analysis  and  was  explained  in  Reference  1  (pg  70). 
Application  of  Routh's  criteria  (Reference  3)  to  the  yaw-plane  characteristic 
equation  shows  the  basic  requirement  for  stability  to  be: 


Ab-fa/Xe-y*)  >0 


(7.2-10) 


Substitution  of  numerical  values  from  Reference  1  into  this  inequality  indicates 
that  the  instability  exists  throughout  the  high-speed  regime^  The  unstabilized 
yaw-plane  response  cf  the  TPS  to  a  small  step  function  of  yawing  moment 
command  {  Stf  -  5.73  deg)  is  shown  in  Figure  7.2-1.  Note  the  mono- 

tomcally  divergent  response.  As  a  consequence  of  this  instability,  an  automatic- 
control  system  was  synthesized  to  augment  the  stability  of  the  TPS.  This 
stability  augmentation  was  accomplished  by  sensing  certain  yaw -plane  motion 
variables  and  causing  the  cyclic  and  collective  pitL-h  angles  of  the  propellers 
to  vary  proportional  to  linear  combinations  of  th e s c  motion  variables.  The 
cyclic  and  collective  pitch  terms  combine  to  produce  forces  and  moments  on 
the  submarine  in  such  a  direction  as  to  overcome  the  inherent  destabilizing 
forces  and  moments,  and  produce  a  stable,  cont rollaole  vehicle. 

*  The  characteristic  equation  is  formed  bv  evaluating  the  determinant  of  the 
square  matrix  .of  Equations  (7.2-81. 
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FIGURE  NO.  i.Z  -  1  BASIC  SUBMARINE  YAW  PIwXNE  RESPONSE  TO  A 
SMALL  YAWING  MOMENT  COMMAND  (5^  0.  10  RAD) 


\G-p.  >  l-Y-2 


Equation  (7.  2-10)  indicates  the  desirability  of  increasing  the  term  )£,A£and/or 
decreasing  the  term  o  produce  stable  operation.  The  value  of 

//jC  (yaw  damping)  can  be  effectively  increased,  for  example,  by  adding  the 
direct-axis  stabilization  torque,' .  to  the  left-hand  side  of  the 
yawing -moment  equation.  Similar  control  terms  can  be  generated  to  decouple 
the  yaw- side  slip-roll  motions  of  the  submarine,  through  the  use  of  cross-axis 
feedback  terms,  thus  effectively  reducing  the  terms  ( ~»i,Tto~Y+)>  Y/o  •  • 

A/y-  >A//*  ,  and  to  zero. 

The  propeller  angles  are  modified  according  to  Equations  (7.2-11)  in  order 
to  implement  the  feedback- stabilization  technique. 

~  j/  P 

<5/y  =  ^  ^ 

*  4c  *  %  t  t-Kf,  * 

in  which  all  of  the  fC's  are  control-system  gains.  No  heading-angle  loop  was 
used,  because  the  immediate  concern  is  stabilization  for  maneuvering  and 
not  long-term  navigation.  Since  the  immediate  problem  was  one  of  stabilizing 
the  TPS,  the  feedback  terms  assumed  in  Equations  (7.2-11)  were  limited  to 
those  that  contribute  directly  to  producing  stable  behavior  in  the  yaw  plane. 

Note  that  yawing  acceleration  feedback  could  also  be  added  to  improve  the 
transient  response  of  the  TPS  by  effectively  reducing,  for  example,  the  yawing 
moment  of  inertia.  Feedback  of  this  type  would  have  no  influence  on  the 

*  The  terms  )£>  and  are  already  negligibly  small  m  the  TPS,  effectively 
decoupling  the  roll  and  yaw-sideslip  portion  of  the  fourth  order  characteristic 
equation  into  two  independent  quadratic  factors. 

A  navigation  loop  can  be  aJded  at  any  future  time  with  the  proper  heading 
angle  sensors. 
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steady -state  responses  of  the  submarine.  Since  acceleration  feedback  was  not 
included  in  this  study,  the  transient  responses  determined  herein  are  probably 
not  optimum.  They  are,  however,  optimized  with  respect  to  conservation  of 
control  power  for  yaw-plane  maneuvers. 

7.  2.2.  2  Direct-Axis  Stabilization 

The  use  of  direct-axis  stabilization  in  the  yawing-moment  equation  results  in 
an  increase  in  the  effective  yaw-damping  derivative,  A/y-  ,  which  has  a 
stabilizing  influence  (see  Equation  7.2-10).  The  gain  *V  is  used  to  achieve 
this  result.  It  can  be  shown  that  dynamic  stability  is  insured  through  use  of 
this  single  feedback  term  provided  that  the  relationship. 


/f *  >  —  -thtCpitK* ~ Yrz)+N*- /y  (7.2-12) 

is  satisfied.  There  is  no  theoretical  upper  limit  to  ftp ,  but  a  practical  limit 
occurs  when  the  individual  propeller  blade  angles  of  attack  approach  (approxi¬ 
mately)  twenty  degrees.  Because  of  the  metacentric  stiffness  in  roll  no 
stability  augmentation  is  required  about  the  roll  axis.  However,  the  roll 
damping  is  poor  and  it  appe.  s  desirable  to  improve  the  dynamic  response 
in  roll  by  augmenting  the  roll  damping  and  roll  stiffness  derivatives,  V  and 
*•  by  K<j[  andy*V  ,  respectively. 

By  substituting  numerical  values  into  the  augmented  characteristic  equation, 
without  yet  specifying  values  of  the  direct-axis  feedback  gams,  /(u  , 
and  it  is  possible  to  show  that  the  fourth-order  characterise  equation, 

including  both  products  and  sums  of  these  feedback  terms,  neatly  factors  into 
two  quadratic  terms.  One  quadratic  factor  contains  only  the  yaw  and  sideslip 
direct-axis  feedback  terms,  the  other  contains  only  the  roll 

terms  /Cft  and  .  Further  analysis  showed  that  this  factoring  is  permissible 
because  the  roll-axis  motions  are  weakly  coupled  to  the  yaw  and  sideslip  axes 

of  the  submarine,  e.  and  are  negligibly  small.  The  converse  is  not 

—  - .  .  »  ,  -  - . . . .  — . . .  — 

*  Note  that  the  metacentric  rull  moment  has  previously  been  presented  as 
cos  &  sin  ^  ,  which  for  small  angles  yields  • 
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true,  however,  since  yaw  and  sideslip  motions  couple  into  the  rolling  moment 
equation  through  K+  and  Carrying  this  analysis  still  further  in  the 

evaluation  of  the  numerator  determinants  of  Equations  f7.2-8),  one  finds  that 
the  numerators  of  nd  ontain  common  factors  with  the  denom¬ 

inator  (i.  e. ,  the  characteristic  equation)  resulting  in  (l)  yaw-rate  responses 
that  depend  on  yaw -loop  gain  and  are  independent  of  roll -loop  gains,  and  (2) 
roll-position  responses  that  depv.id  on  roll-loop  gains  and  are  independent  of 
yaw-loop  gain.  This  separation  of  the  influence  of  the  four  direct-axis 
feedback  gains  allows  relatively  simple  analytical  evaluation  of  the  yaw-plane 
dynamics  of  the  augmented  TPS. 

Examination  of  the  response  transforms  of  direct-axis  variables  to  step 
functions  of  corresponding  direct-axis  control  inputs  (e.  g. 
indicates  that  the  roll -axis  behavior  is  that  exhibited  by  an^mSTerdamped  u 
second-order  system,  with  affecting  both  the  undamped  natural  frequency 
and  the  damping  ratio,  and  affecting  the  damping  ratio  alone.  Values  of 

and  were  selected  to  produce  a  6.  3  second  undamped  natur-.l  period 

with  a  damping  ratio  of  0.70,  thus  producing  about  five  percent  overshoot  in 
the  roll  angle  response  to  a  step  input  of  roll  moment.  On  the  other  hand,  the 
yaw  rate  response  to  a  step -function  in  yawing  moment  is  always  overdamped, 
for  any  value  of  feedback  gain  fC(jr  ,  resulting  in  two  e  cponential  subsidences 
that  approach  the  steady-state  response  asymptotical’ y.  For  example,  yaw- 
rate  time  constants  of  0.65  and  13.5  seconds  result  when  -  100,  as  illus¬ 
trated  by  Figure  7.2-2* 

It  is  anticipated  that  some  difficulty  would  occur  in  sensing  sideslip  velocity 
7A*  ,  and  it  can  be  shown  that  sensing  is  not  required  because  satisfactory 

operation  can  be  obtained  without  the -velocity  feedback,  .  Hence,  this 

term  is  not  used. 

It  can  be  argued  that  the  most  useful  controlled  variable  for  high-speed 
maneuvering  is  rate  of  change  of  heading  angle.  Lateral  translation  would 
very  seldom  be  required,  and  a  commanded  roll  angle  would  probably  have  no 
utility  at  high-speeds.  For  this  reason,  analog  computer  responses  to  yawing 
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moment  and  side  force  commands  were  obtained.  Rolling  moment  feedback 
•.:ms  applied  through  automatic  control  were,  of  course,  retained.  Both  side- 
■  ji*c2  and  yawing  moment  commands  were  investigated  because  both  yaw  and 
sideslip  responses  are  influenced,  through  the  coupling  terms,  W^~>£*.and 
A/y.  ,  b  *ither  driving  function  .  It  was  desired  to  determine  which  of  the 
two  driving  functions  is  more  "economic- "l”  in  its  use  of  the  available  control 
power.  Figure  7,2-3  shows  the  linear  system  yaw -plane  response  of  the 
TPS,  using  roll  and  yaw  direct-axis  stabilization,  to  a  step  function  of  side- 
force  resulting  from  a.  command  of  only  23  degrees.  Although  the 
resulting  dynamic  responses  are  reasonable,  in  that  they  possess  a  quasi 
first-order  time  constant  of  approximately  fifteen  seconds,  the  peak  angle  of 
attack  of  the  front  propeller  blades  increases  from  11.5  degrees  to  30  degrees 
as  the  steady-state  condition  is  approached.  Because  this  figure  represents 
the  behavior  of  a  linear  dynamic  system  wherein  available  control  forces  and 
moments  are  unlimited,  whereas  in  actual  fact,  saturation  of  the  front 
propeller  occurs  beyond  blade  angles  of  attack  of  about  twenty  degrees,  the 
steady-state  responses  shown  in  Figure  7.2-3  must  be  scaled  down  by  about 
thirty  percent  in  order  to  maintain  11*  .ar  control  action. 

In  contrast  with  the  above  result,  a  yawing  moment  command  to  the  same  TPS 
configuration  results  in  a  faster  dynamic  response  with  a  thirteen  percent 
greater  static  sensitivity.  The  peak  angles  of  attack  of  the  propeller  blades 
do  not  exceed  the  commanded  value  at  any  point  in  the  transient  response. 

These  results  are  illustrated  by  Figure  7.2-2,  where  eT/VC  r  "*0  degrees. 

Note  that  a  slight  reversal  of  roll  angle  occurs  at  the  start  of  the  left  turn 
shown,  because  the  initial  yawing  moment  produces  a  positive  sideforce  on  the 
fairwater  until  the  sideslip  angle  builds  up  and  generates  a  fairwater  angle 
of  attack  resulting  m  a  negative  steady- state  rolling  moment.  This  effect  can 
be  removed  by  decoupling  the  yaw  into  roll  response  (i.  c.  forcing-  to  zero). 

*  Recall  that  with  direct-axis  stabilization  both  pitch  angle  and  depth  rate  were 
influenced  by commands  m  the  pitch-plane  but  that  use  of  pitching 
moment  commands  fol*  coo rdinated  depth  changes  resulted  in  much  lower 
propeller  blade  angles  of  attack  for  simila?  transient  and  steady-state  results 

*'■*  Note  that  ~ ’  *kus  requiring  in  initial  value  of  only  11.5  deg. 

of  cyclic  jiltch  cn4he  tore  and  aft  blades  w;th  symmetrical  iper.itun.  This 
corresponds  to  approximately  5S  percent  of  ’he  available  side  force. 
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FIGURE  NO.  7.2  -  3  DIRECT-AXIS  STABILIZATION- YAW  PLANE  RESPONSE 

TO  A  SIDE  FORCE  COMMAND  ( £  --  0.  10  RAD) 
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7.  2.  2.  3  Decoupling  Stabilization 

As  noted  earlier,  it  is  required  that  A/y.(Yft  >£><?for  dynamic 
stability  it*yaw.  The  direct-axis  stabilization  techniques  described  in  the 
previous  section  were  designed  to  increase  the  term,  ,  but  not  to 

affect  the^y.(^^.^.Jterm.  By  use  of  decoupling  stabilization,  the  opposite 
effect  is  obtained,  i.  e. ,  Ab/v-  remains  unchanged  but  is  made 

to  approach  zero.  It  can  be  shown  that  the  following  relationships  define  the 
numerical  values  of  the  decoupling  feedback  gains  necessary  to  null  AYy  and 
Wo-Y*  respectively*. 


L/  .  «  a  023 a  (7.2-13) 

A/S  sr/sgc 

A?,;  (7.2-14) 


Either  one,  or  both  of  these  feedback  gains  will  result  in  stable  behavior  in 
tne  yaw  plane.  Figure  7.2-4  for  example,  illustrates  the  responses  of  the 
TPS  to  a  yawing-moment  step  function  where  only  and  %y/  are  non-zero, 
thus  nulling  and  The  rolling  moment  due  to  yaw  rate,  ^ 

does  not  affect  stability,  indicating  that  the  single  decoupling  feedback  gain, 

,  will  unconditionally  stabilize  all  of  the  yaw-plane  responses.  This 
result  is  analogous  to  that  achieved  with  the  single  direct-axis  feedback  gain, 

*  used  previously  (see  Figure  7.  2-2).  Note,  in  Figures  7.  2-3  and  7.  2-4, 
that  the  decoupling  stabilization  requires  more  control  power  than  direct-axis 
stabilization,  and  has  a  slower  yaw- rate  response. 


If  all  of  the  decoupling  feedback  terms  are  properly  adjusted,  it  is  possible 
to  completely  decouple  the  yaw/ siueslip/  roll  responses.  This  decoupling 
process  is  the  only  way  in  which  ’pure*’  submarine  control  can  be  accomplished. 
For  example,  Figure  <.2-5  shows  th*t  the  only  re>pc»nse  of  the  TpS  to  a  step 
function  of  applied  rolling  moment  is  the  roll  angle,  ^  .  Nine  feedback  gains 
using  sensors  on  four  submarine  motion  variables  are  required  to  implement 


*  Note  tnat  complete  nulling  is  not  required  for  stability,  provided  that  Equa¬ 
tion  (7.  2- 10)  is  satisfied. 

A  single-axis  response  to  a  single-axis  command. 
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this  condition.  The  utility  of  using  such  a  complex  stabilization  system  in  the 
high-speed  operating  regime/is  questionable  but  the  results  are  presented  in 
the  interests  of  generality. 


7.  2.  2.  4  Combined  Decoupling  and  Direct-Axis  Stabilization 

An  analysis  of  the  characteristics  of  the  two  stabilization  techniques  discussed 
previously  suggests  that  the  best  results  can  be  obtained  by  combining  the  two 
methods.  This  is,  in  fact,  the  case.  A  combination  of  the  two  methods  tends 
to  increase  A/r-Yy.  and  dec  rease/^f^J  simultaneously.  Figure  7.2-6 

illustrates  the  result  that  is  obtained  when  yaw-to-roll  and  yaw-to-sideslip 
)  decoupling  has  been  combined  with  yaw-rate  direct-axis 
stabilization  (i.  e. ,  an  increase  in  the  yaw  damping,  /Vj»-  ).  The  gain 
was  adjusted  to  produce  an  optimum  usage  of  forward  propeller  angle  of  attack. 
Note  that  does  not  vary  from  twenty  degrees  throughout  the  transient 

response.  It  is  seen  that  the  front  propeller  generates  its  maximum  available 
side  force  continuously  during  the  transient  and  steady-state  portion  of  the 
turn;  this  force  essentially  contributes  to  (1)  yawing  moment  initially  and, 

(2)  both  yawing  moment  and  sideforce  in  the  steady-  state. 


In  the  turn  shown  in  Figure  7.2-7,  direct-axis  stabilization  is  used  to  increase 
the  damping  in  yaw  and  decoupling  stabilization  is  used  to  eliminate  yaw  to 
roll  coupling.  The  decoupling  feedback  was  included  to  eliminate  the  small, 
initial  reversal  in  roll  angle  exhibited  in  Figure  7.2-2.  The  feedback  gain, 

73.5,  was  selected  to  use  the  full  available  range  of  peak  blade  angle 
of  attack  of  the  forward  propeller.  The  roll  response  seen  in  Figure  7.2-7 
resutts  from  the  sideslip-to- roll  coupling,  AYy-  ,  (due  to  the  fairwater)  and  the 
sideslip  response  results  from  the  yaw-'.o-sideslip  coupling,  ?*,  TA  m  .  Note 
that  the  incremental  collective  pitch,  Yl  £  ,  required  to  shape  the  roll  response 
of  the  TPS  is  small,  being  less  than  three  degrees.  This  result  is  expected 
because  of  the  relatively  small  moments  required  to  roll  the  submarine,  and 
the  relatively  greater  roll-control  effectiveness  than  yaw -control  effectiveness  . 


a  A  proof  of  this  statement  is  that •  that  is,  the  ratio  of  the  control 
coefficient  to  the  primary  term  that  requires  controlling  is  greater  in  the 
roll  axis  than  in  the  yaw  axis; 
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Figure  7.2-7  represents  the  best  compromise  between  (1)  loop  gain,  (2)  control- 
system  simplicity,  (3)  dynamic  response  and  (4)  available  control  power.  Here, 
failure  of  any  or  all  of  the  three  feedback  loops,  controlled  by 
*>*  ,  in  the  rolling  moment  equation  could  occur  with  no  loss  of  stability-  The 
gain,  Kp  ,  can  vary  over  wide  limits,  provided  that  Kp  ^34.  3  for  =  40 
ft/ sec,  without  loss  of  stability  and  with  only  small  changes  in  the  form  of  the 
dynamic  responses  .  The  yaw- rate  equivalent  time  constant  (63.  2%  of  final 
value)  for  the  direct-axis  feedback  gain  of  X =  73.5  is  approximately  seven 
seconds,  compared  with  an  estimated  value  of  about  80  seconds  for  the  Albacore, 

7.  2.  2.  5  Influence  of  Nonlinear,  Control-Coupling  Terms 
The  foregoing  analysis  has  been  limited  to  linear  system  responses,  where 
scaling  from  one  amplitude  to  another  allows  a  convenient  assessment  of  the 
maximum  capabilities  of  the  control  system.  If  the  nonlinear,  control -coupling 
terms  from  Equations  (7.2-9)  are  included  in  the  analysis,  it  is  no  longer 
allowable  to  scale  responses  from  one  amplitude  to  another,  unless  the  non¬ 
linear  effects  can  be  shown  to  be  negligible. 

Function  generating  equipment  was  used  to  produce  the  nonlinear  terms  of  the 
control  force  and  moment  Equations  (7.2-9)  and  key  analog  computer  solutions 
obtained  for  the  linear  system  were  rerun  with  the  nonlinear  control  terms 
included.  The  nonlinear  solutions  were  obtained  at  limit  values  of  propeller 
angles  of  attack,  because  the  nature  of  the  nonlinearities  is  such  that  they 
are  most  significant  for  large  control  inputs.  In  every  case  where  limit 
maneuvers  were  computed,  the  effects  of  the  nonlinearities  were  found  to  be 
negligible.  The  largest  effect  was  the  change  in  forward  speed,  , 
resulting  from  the  X  c*  coefficient  and  the  control  terms,  &+  and 
(Re  ference  1,  pg  50);  this  change  in  speed  never  exceeded  one  knot  for  the 
most  unfavorable  combination  of  blade  angles. 


*  For  very  large  values  oiKp  ,  the  r/S.\c  response  becomes  that  of  a  first- 
order  system  with  a  time  constant  given  by:  -y —  J* -y _ 


AG-  lnl-i-V-. 


■kfcilfnrtMNKii 


In  acc  irdance  with  the  arguments  presented  earlier  favoring  the  u^e  of  yawing- 
and  pitching -moment  commands  for  control  of  the  submarine  at  high  speeds, 
it  can  be  concluded  that  the  control  inputs,  ,  Sg  >  ®nd  ,  will  -  esult 
almost  entirely  from  control- system  feedback  signals.  Large  changes  in  the 
thrust  command,  ,  tend  to  change  the  effectiveness  of  the  yaw.r.^  moment 
command  Sj/  ,  and  the  pitching  moment  command  ,  but  these  are  pri¬ 
marily  direct-axis  effects  and  are  not  expected  to  be  serious.  In  general, 
except  for  the  most  severe  high-speed  maneuvers,  <enns  involving  products 
of  control  inputs  will  be  negligible  in  comparison  with  the  primary  control 
moments,  rfgSrf  and /%<%,. 

The  computed  nonlinear  responses  of  the  TPS  are  in  all  cases  nearly  identical 
to  the  equivalent,  linear-system  responses  already  shown  and,  accordingly, 
are  not  reproduced  in  this  report. 

7.2.3  High  Speed  Operation  with  One  Powered  Propeller  -  Yaw  Plane 
Because  of  the  relatively  complex  nature  of  the  propeller  control  system  of 
the  TPS,  it  is  desirable  to  analyze  the  influence  of  various  system  failures 
on  the  stability  and  control  of  a  partially  disabled  vehicle.  Although  the 
number  of  possible  system  failures  (without  regard  to  probability)  is  large, 
one  of  the  most  meaningful  studies  that  can  be  performed  is  the  study  of  the 
loss  of  driving  power  to  a  single  propeller,  while  the  remaining  propeller 
maintains  normal  operation.  For  the  present  investigation,  this  propeller 
failure  is  assumed  to  be  represented  by  a  nonrotatir.g  propeller  (_/Z~0  ) 
where  control  over  collective  pitch  is  maintained. 

An  analysis  of  submarine  stability  and  control  with  one  nonrotating  and  one 
rotating  propeller  is  a  logical  extension  of  the  single-propeller,  trim- 
operation  study  of  Reference  1.  Although  it  was  shown  in  Reference  1  that 
the  trim  force  and  moment  equations  can  be  satisfied  simultaneously  with 
a  single  rotating  propeller,  no  information  on  the  resulting  maneuverability 
of  the  TPS  was  presented. 
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An  analysis  of  single-propeller  operation  at  high  speed  requires  a  re  computation 
of  the  hull  and  propeller  stability  derivatives  because  of  (1)  a  change  in  the  trim 
operating  speed  of  the  submarine  and  (2)  the  unbalanced  propeller  operation. 

The  modified  stability  derivatives  were  computed  for  the  optimum  single¬ 
propeller  operating  point  noted  in  Reference  1  (pg  60).  Analog  computer  studies 
were  then  performed  to  determine  the  submarine  stability  and  control  behavior 
for  small  perturbations  from  the  quiescent  point  with  the  aft  oropeller  driving 
and  the  forward  propeller  stationary,  and  vice  versa.  As  a  result  of  the 
unbalanced  propeller  operation  it  is  also  necessary  to  investigate  the  influence 
of  the  yaw -pitch,  gyroscopic -coupling  torques  on  submarine  motions,  in  terms 
of  the  cyclic  pitch  angles  required  to  decouple  these  torques. 

Assuming  that  controllability  of  collective  pitch  is  maintained  in  the  locked 
propeller,  the  trim  values  that  result  in  the  most  efficient  submarine  opera¬ 
tion  were  computed  in  Reference  l  and  are  listed  below  for  convenience: 


1 

locked  “  ^ 

2^  =  24.5  ft/ sec  =  14.5  knots 

z 

,  =  23- 

rotating 

-/%-  ...  =50  rpm 

rotating  c 

<x 

locked  =  l4’ 7# 

JTL  ,  .  .  =  0 

locked 

©c 

,  =  4.  8* 

rotating 

P0  =  2820  horsepower 

The  physical  properties  of  the  submarine,  viz.  weights,  inertias,  geometry, 
lift  and  drag  coefficients,  and  number  of  propeller  blades  remain  the  same 
as  in  thr  study  of  two-propeller  operation.  The  rotating  propeller  is  assumed 
to  be  angular-velocity  limited  rather  than  power  limited,  because  it  produces 
only  49%  of  rated  power  at  rated  speed.  Note  that  it  is  assumed  that  the 
trim  values  hold  irrespective  of  which  propeller  rotates  and  which  prope'ler 
is  locked.  If,  in  addition,  it  is  assumed  that  both  propellers  possess  cyclic- 
pitch  «s  well  as  collective-pitch  control,  a  new  set  of  propeller  stability 
derivatives  and  control  coefficients  is  obtained*.  The  individual  propeller 

*  The  control  coefficients  computed  for  a  locked  propeller  are  not  used  in 
this  study  because  the  cyclic  pitch  control  of  the  locked  propeller  is  assumed 
to  be  disabled.  However,  the  numerical  values  are  computed  for  conven¬ 
ience  m  possible  future  studies. 
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stability  derivatives  depend  upon  which  propeller  rotates  and  which  propeller 
is  locked,  whereas  the  individual  ^pntrol  coefficients  are  invarient  for  a 
locked  and  for  a  lotating  propeller,  irrespective  of  location. 

Consider  the  case  where  the  forward  propeller  is  nonrotating  with  locked  trim 
collective  pitch  and  the  aft  propeller  rotates  at  rated  speed  with  adjustable 
collective  and  cyclic  pitch.  The  propeller  control  coefficients  for  the  yaw 
plane  are  obtained  from  the  equations  for  and  A/g  given  in  Reference  1 
(pp  46  and  48),  where  account  is  now  taken  of  the  dissymmetry  between  the 
trim  operating  conditions  of  the  fore  and  aft  propellers.  Due  to  this  dis¬ 
symmetry,  unequal  fore  and  aft  control  coefficients  are  obtained  and  the  yaw- 
plane  control  forces  an*,  moments  are  represented  by: 


Yc  *  Szf  - 

These  equations  are  comparable  to  the  linear  terms  of  Equations  (5-15),  Refer¬ 
ence  l.  The  nonlinear,  control-coupling  terms,  if  they  are  to  be  analyzed, 
must  also  be  separated  into  the  fore  and  aft  components.  However,  the  non¬ 
linear,  control-coupling  terms  have  been  neglected  here  because  of  their 
small  influence  on  t  he  response  of  the  TPS,  as  noted  previously. 
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The  individual  propeller  control  coefficients  indicated  in  Equation  (7.2*15) 
are  given  by: 


^Sa.  ~  j^2  ^  +(f,  0^  COS  &k)<*a.J 

Yjf  =  U0  ) 

N*cl  *A  &  /, 

Ai/  \ 

*  “J  J-/V<  Cos  K  '°^j\ 

Numerical  substitution  yields  the  following  results: 


(7.2*16) 


%a.  = 

-16.9 

x  106 

ft-lb/  rad 

s' 

II 

-5.66 

x  106 

ft-lb/  rad 

&.  * 

-154  x 

:  103  lb/ rad 

-- 

-51.4 

x  103 

lb/  rad 

K&&X  = 

-3.  38 

x  106 

ft-lb/  rad 

Ki£j  -- 

-1.  13 

x  106 

ft-lb/  rad 

computed  for: 
A&.  =  50  rpm 
Jlf  =  0 


These  control  coefficients  can  be  compared  with  the  results  obtained  for 
symmetrical  two-propeller  operation  as  listed  in  Table  6-3,  Reference  1. 

When  the  aft  propeller  is  locked  and  the  forward  propeller  rotates,  the 
lontrol  coefficients  are  obtained  by  interchanging  the  subscripts  C.  and  ^ 
m  the  above  equations.  Thus,  for  example,  =  -5.66  x  10^  ft-lb/rad, 

etc . 
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It  should  be  recalled  that  many  of  the  combined  fore  and  aft  propeller  deriva¬ 
tives  were  zero  for  the  case  of  balanced  two-propeller  operation.  This  result 
occurred  when  the  fore  and  aft  propeller  forces/moments  were  equal,  but 
opposite  in  sign.  When  single-propeller  operation  prevails,  however,  there 
are  additional  propeller  contributions  to  the  total  stability  derivatives  that 
must  be  individually  computed.  These  computations  present  certain  mathe¬ 
matical  difficulties  that  are  briefly  reviewed  in  Appendix  B. 


7.  2.  3.  1  Maneuvering  Analysis:  Single -Propeller  Operation 

Since  the  dynamic  stability  of  the  TPS  depends  on  control  forces  and  moments 

applied  through  proper  modulation  of  the  individual  propeller  blade  angles, 

it  is  of  interest  to  examine  the  behavior  of  the  submarine  when  the  feedback- 

stabilization  gains  are  not  changed  from  their  normal,  two -propeller,  balanced- 

operation  values  but  a  single  propeller  is  disabled.  For  the  assumed  case  of 

single -propeller  operation 

JLf  -o 

~  s  *  ° 

Accordingly,  the  control  equations  reduce  to 

Yc  =  -  <0«. 

M:  -  tSs* 

~  '  A  &<x 

Assuming  a  stabilization  mode  before  breakdown  that  is  equivalent  to  that 

employed  in  obtaining  the  yaw-rate  responses  pictured  in  Figure  7.2-7,  the 

aft  propeller  blade  angles  that  result  from  the  command  signal  and  the  feed- 

* 

back  stabilization  loops  are  given  by  : 


(7.2-17) 


*  These  equations  are  obtained  by  solving  equations  (7.  2-il)  simultaneously 
with  the  following  equations: 


The 


zGlf  *Sza 


-Szac 

*  tzfc 

~  A cac 


feedback  cams 


•  Kg  •  ./ry 


wc  zero. 
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^Z-A.  -  <£zo.c  +2  / ft 

ASa  -*/V 

The  sine  cyclic -pitch  angle,  ,  is  available  to  counteract  the  yaw  to  pitch 
coupling  caused  by/^«.  and  /^t  .  If  it  is  assumed  that  control  over  cyclic 
and  incremental  collective  pitch  of  the  forward  propeller  is  lost,  the  feedback- 
stabilization  terms  shown  in  Equations  (7.  2-18)  above  become  the  sole  source 
for  augmenting  the  stability  of  the  TPS.  It  remains  to  be  shown  (below)  that 
stable  operation  results  when  the  forward  propeller  is  disabled. 

Stable  dynamic  behavior  in  yaw  is  obtained  if 

A*.  (W/ +  A//.  >  o 

as  noted  in  Section  7.  2.  2. 1,  Equation  (7.  2-10).  The  side  force  due  to  yawing 
velocity  derivative,  ,  is  decreased  and  the  yaw-damping  derivative, 

is  increased  by  the  feedback  term  .  On  combining  the  basic  submarine 

derivatives  with  the  stability  augmentation  terms,  stable  operation  in  yaw 
results  if 


AV fa*?)* X?) Y,  >a 

Pj  >  - ?  Aji  y?r 


On  substituting  numerical  values  from  Table  B-l,  Appendix  B,  we  find  that 
dynamic  stability  in  yaw  places  the  following  requirement  on  ,  namely: 

Kf  >4/7 


91 
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As  noted  in  Figure  7*2-7,  =  73.5  for  "normal"  two-propeller  operation. 

Thus,  this  brief  analysis  predicts  stable  single-propeller  operation,  with 
the  aft  propeller  thrusting,  and  no  modification  of  the  feedback-stabilization 
signals  required  in  a  transition  from  two-  to  one-propeller  operation. 


An  analog  computer  mechanization  of  the  operational  mode  discussed  above 
confirms  the  above  conclusion,  and  demonstrates  rapid,  well-behaved 
submarine  responses  to  yawing-moment  control  inputs.  Figure  7.2-7  was 
previously  discussed  as  representing  optimum  two-propeller  operation  of  the 
submarine.  The  equivalent  single-propeller  yaw-plane  response,  with  the 
aft  propeller  thrusting,  is  shown  in  Figure  7.  2-8,  where  the  motion  variables 
2/“  ,  //  ,  and  ^  of  the  submarine  are  plotted  with  the  same  vertical  scale 
and  time  scale  sensitivities  as  in  Figure  7.2-7.  Since  a  single  propeller, 
only,  is  available  to  generate  control  forces  and  moments,  the  equivalent 
commanded  value  of  is  0. 15  rad  when  -  0*  30  rad,  with  =  0. 

It  is  apparent  from  Figure  7.2-8  that  stable,  controllable  yaw-plane  behavior 
is  obtained  in  the  specified,  partially-disabled  operating  mode. 


In  order  to  determine  the  effects  of  disabling  the  aft  propeller,  an  analysis 
similar  to  that  just  presented  was  performed.  In  similar  fashion,  we  assume: 


-O 

A  &OL  *  <3/0.  ~  £ 2a.  "  ° 

The  control  forces  and  moments  are  given  by': 


/c  =  i 

rfc  s  S2/  I  (7.2-19) 

<f+  A  fy  J 


In  the  preferred  mode  of  symmetrical  two-propeller  operation,  the  cyclic 

* 

and  collective  pitch  angles  of  the  forward  propeller  are  given  by  : 


-  <3? /c  +  ft  ^  ft  ft 
AS/  *  AS/c  +  ft[Kft  ft  +£/  ft  -  £ ?  ftj ) 


(7.2-20) 


*  See  footnote  on  page  ^0. 
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Continuing  the  analysis  in  the  same  manner  as  before,  we  have 


js  •  >  —  p  z**  -  y+- ) — 

r  *  YvM#  -M,  YSjt 

for  stability.  Substituting  numerical  values  from  Table  B-2,  we  obtain 

A?ji  >  404. 

With  y}  -  73.5,  the  submarine  is  obviously  unstable.  The  instability  is 
caused  by  the  reversal  of  sign  of  the  control  force,  ,  that  occurs  when 

the  thrusting  propeller  is  shifted  from  the  rear  to  the  front  of  the  submarine. 
Specifically: 


s  -  Jf  *  aft  propeller  thrusting 

/C  '<5*.  ^24 

a  g  ,  forward  propeller  thrusting 

Thus,  the  feedback  term,  ,  reduces  the  destabilizing  derivative  Y* 

when  the  thrusting  propeller  is  aft  but  increases  when  the  thrusting 

propeller  is  forward.  Because  the  yawing-moment  control  term,  ,  does 

not  change  sign  with  location  of  the  thrusting  propeller,  the  yaw-rate  feedback 
increases  yaw  damping,  ,  in  both  cases.  Thus,  if  the  percentage  yaw 

damping  is  increased  more  than  the  side  force  due  to  yawing  moment  is 
increased,  when  the  thrusting  propeller  is  forward,  an  increase  in  yaw-rate 
feedback  gain  in  the  cosine  cyclic  pitch.  Equation  (7.2-20)  ultimately  stabilizes 
the  submarine  response.  This  requires  that  Yy-  ^  5  a 

condition  that  is  satisfied  with  the  assumed  submarine  parameters. 

An  analog  computer  simulation  confirmed  the  above  predicted  instability  that 

results  from  disabling  the  aft  propeller  without  modifying  the  feedback  gam, 

u,  .  It  can  be  shown  that  a  value  of  feedback  gam,  'a>  -  436,  produces 

a  static'  sensitivity,  ^ y)  -  ~  -0t>3  •  With  the  aft  propeller 

thrusting  and  >J,  -  7  3.3,  the  static  sensitivity,  i^VjT  )  ,  is  also 

rad/  sec  ~  0X0.  hz 

-  .0*3  — -  .  Thus  it  is  possible  to  achieve  the  same  static  sensitivity 

simply  by  increasing  the  yaw -rate  feedback  gam  u-cd  with  a  tr.  rusting  forward 
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propeller..  However,  the  transient  response  obtained  with  a  thrusting  forward 
propeller  iti  prohibitively  slow,  indicating  an  almost  complete  lack  of  maneuver* 
ability  in  this  mode.  This  fact  is  clearly  illustrated  by  Figure  7.  2-9.  In  order 
to  show  the  response  of  the  TPS  to  a  step-function  of  in  detail,  both  the 

vertical  and  horizontal  scales  have  been  changed  in  Figure  7.2-9  in  contrast 
to  the  scales  used  in  Figure  7.2-8.  Note  that  the  steady-state  does  not  appear 
in  the  figure,  even  though  a  time  period  of  30  minutes  elapses  during  the  runl 

Because  cosine  cyclic  pitch,  »  *PPears  directly  in  both  the  side-force 

and  yawing-moment  control  equations,  with  an  opposite  effect  on  submarine 
stability,  depending  upon  which  propeller  '3  being  cyclicly  controlled,  it  is 
apparent  that  feedback  signals  that  tend  to  augment  stability  through  the  yawing- 
moment  equation  will  concurrently  decrease  stability  through  the  side-force 
equation,  and  vice  versa.  We  conclude  that  whenever  the  aft  propeller  is 
disabled  (i.  e. ,  locked,  with  control  over  trim  collective  pitch  only)  and  control 
forces  and  moments  can  be  applied  through  the  forward  propeller  only,  satis¬ 
factory  transient  response  cannot  be  achieved  by  application  of  feedback- 
stabilization  signals  to  control  the  cyclic  pitch  of  the  front  propeller.  External 
modification  of  the  pertinent  stability  derivatives  of  the  TPS  through  the  use  of 
auxiliary  control  surfaces,  for  example,  would  be  necessary. 

7.  2.3.  2  Influence  of  Gyroscopic  Coupling  on  Control  Power 
In  Reference  1  (pg  63)  Equations  (6-1),  the  yaw-pitch  and  pitch-yaw  coupling 
moments,  as  caused  by  gyroscopic  action,  are  shown.  When  balanced  opera¬ 
tion  of  the  propellers  is  assumed,  ihe  momentum  vectors  associate  ,  with  the 
fore  and  aft  propellers  arc  equal  in  magnitude  and  opposite  in  sign,  thus 
cancelling  the  effects  of  each  individual  propeller  on  the  submarine  response. 
Consequently,  these  terms  are  deleted  from  Equation  (7.2-8).  If,  however, 
the  propeller  angular  momenta  are  not  equal,  as  would  result  from  single- 
propeller  operation,  a  pitching  moment  due  to  yaw  rate,  (  -y^Ct  )  /  .  and 

a  yawing  moment  due  to  pitch  rate,  I#-/1/*.  )  ^  ,  are  generated.  The 

assumption  of  pure  yaw-plane  responses  to  yaw-moment  commands  is  valid 
only  if  sufficient  cyclic  pitch  is  available  within  the  control  saturation  envelope 
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to  (?)  decouple  the  yaw  to  pitch  response,  (2)  decouple  the  pitch  to  yaw  response, 
and  (3)  provide  direct  yaw  and  pitch  axis  control  power,  simultaneously^ 
Accordingly,  it  is  required  that  ( Hf  in  the  pitching 

moment  equation  and  (Ha  ~  Hf  -  in  the  yawing  moment 

equation.  For  single  propeller  operation: 


M<  "ft.  1 

r  aft  propeller  thrusting 


s  A/ff 


forward  propeller  thrusting 


Consequently,  yaw-to -pitch  decoupling  occurs  when 


<r  a  Mfjr.  M 

"S'..,  f 


and  pitch-to-yaw  decoupling  occurs  when 

x^rJh. 


■*  J  rJ 


(7.2-21) 


(7.2-22) 


Separate  calculations  are  required  for  the  two  single-propeller  drive  situations. 
First  consider  the  case  of  a  locked  forward  propeller.  Here,  H^  -  0  and  the 
remaining  terms  are  listed  in  Table  B-l. 


*  From  Reference  1  (pg  28  and  29) 

'V?  3  j-  +  s/c*p)a,  *  Yp)f  ~  Yp  J 

Combining  these  equations  with  Equation  (B-3),  ;t  is  apparent  that 


q  T 
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-2.  72  +  5.95)  x  10 


.191  deg/deg/ sec 


r 


=  zA  -tt±-  =  L 


£ 


"<r«. 


*4&  ,  <%.-/tfr. 

^  ~'sL 


16.91  x  10 


(  2.72  -  5.95)  xlO  J 
-16.91  x  10b 


191  deg/ deg/ sec 


When  the  aft  propeller  is  locked,  we  find  from  Table  B-2: 


■  s  jtijUZJ&Jk—  s  — ^  =  .  513  deg/deg/ sec 

/ft.  1 

.  t  -2.  72  -  5.  95 _ _  .  513  deg/deg/ sec 

^  -16.91 

Maximum  values  of  yaw  and  pitch  rates,  when  full  control  power  is  made 
available  at  high  speed  to  perform  limit  maneuvers  with  the  TPS,  are  approxi¬ 
mately  one  dtg/sec.  Consequently,  the  additional  cyclic  pitch  angles  necessary 
to  decouple  the  yaw  and  pitch  planes  never  exceed  about  one-half  degree.  This 
amount  of  cyclic  pitch  corresponds  to  2-3%  of  the  available  control  power,  and 
is  not  a  significant  factor  in  the  TPS  stability  and  control  problem. 

The  general  conclusions  reached  in  this  section  of  the  report  (Section  7.2)  are 
summarized  in  Section  II,  Summary  of  Results  and  Conclusions. 
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7.  3  BLADE  ANGLE  RESOLUTION 

The  trim  settings  and  operating  conditions  for  hovering  flight,  given  in 
Section  VI,  and  those  for  the  high-speed  maneuvers,  given  in  Section  VII 
(Section  7.2)  will  be  discussed  briefly  with  respect  to  their  influence  on  the 
resolution  requirements  of  the  collective  and  cyclic  pitch  control  linkages. 

7.  3.  1  Hovering  Flight 

In  Section  VI  (6.  3)  it  is  shown  that,  when  Jl  =  1,  the  magnitudes  of  collective 
and  cyclic  pitch  required  for  a  trimmed  forward  speed  of  0.55  ft/ sec  and  a 


velocity 

of  0.  1  ft/ sec 

are: 

4* 

.  05  rad 

~  2.9* 

(  u  * 

.  55  ft/ sec) 

■Sz  a 

.  02  rad 

SS  1.  1  * 

( >*  = 

.  1  ft/ sec) 

These  values  of  00  and  provide  a  rough  indication  of  the  resolution  which 
would  be  needed  in  and  ,  if  it  is  desired  to  achieve  the  very  low  speeds 
noted. 


7.  3.  2  High-Speed  Flight 

In  high-speed  flight  a  measure  of  required  blade  angle  resolution  can  be 
obtained  from  the  steady-state  transmission  ratios  that  define  the  change  in 
a  given  motion  variable  per  unit  change  in  the  appropriate  blade  pitch  angle. 

(a)  Forward  Speed: 

In  Reference  1  it  is  shown  that  for  straight  and  level  flight  at  high  speed 
(  *=  40  it/  sec)  the  relationship  between  change  in  speed,  .  and  change 

in  collective  pitch,  £  £  .  is: 

X&g  (&8j-  +A8<)l  )  =  ZC 

*  Resolution  is  taken  to  mean  the  least  amount  by  which  a  giver,  variable 
(c.  g.  pi  .  (£0  .  cC  •  ^  etc.  )ma\  be  changed  by  control  action. 

**  The  second-order  propeller  drag  term  is  neglected. 


At',  -  i *  >l-\ 


1  4 


if  *4/  •  =  660  x  103  lb/  rad,  and  X*.  =  -  17.5  x  103 

lb/ ft  per  sec: 

*=  .  01 3  rad/ ft  per  sec,  or  .  76* / ft  per  sec 

Thus,  if  a  resolution  in  forward  speed  of  1  ft/ sec  is  des'red,  a  resolution  in 
collective  pitch  of  .76*  is  needed. 

(b)  Dive  Angle: 

At  high  speed,  the  steady-state  dive  angle  (see  Section  7.2.  1)  is  given  by:. 

£  a  _  (S,-f  +&IA.) 

if  *  £/a.  •  Wg  ~  30.25  x  10^  ft-lb/  rad*  and  Mo  =  *9. .63  x  10^* 

ft -lb/  rad  : 

~  =*  6. 3  degree/degree. 

The  corresponding  relationship  for  dive  rate  is: 

~i£i  ^  **  4.  3  ft/sec/degree 

(c)  Yaw  Rate: 

It  can  be  shown  that  the  steady-state  yaw  rate  per  unit  cosine-cyclic  pitch 

<S2(  f  s  £2a,  s  Sx  >  ls  8»ven  b>- 

?  = _ £ _ 

Jr  .  ZL&s.  ~  Yr- 

A*  77J  Atf  Yza.  # 

It  the  proper  numerical  values  for  the  stability  derivatives  and  the  mass  , 

■**/  '  are  substituted  in  this  expression  the  result  is: 

U/ 

ro. 06  degree/ sec 
<5-*.  deg  ree 


*  See  Reference  1 
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If  it  is  assumed  that  it  is  not  required  to  operate  at  hovering  speeds  much  lower 
than  those  indicated  above,  the  blade  angle  resolution  requirements  will  prob¬ 
ably  be  determined  by  the  high-speed  flight  conditions  rather  than  the  hovering 
conditions.  The  high-speed  case  is  summarized  below: 


Trim  Condition  Approximate  Resolution  Needed 


Forward  Speed,  Zi. 

40  ft/  sec 

0.76 

in 

So  for  1  ft/ sec  change  in 

tc 

Dive  Angle, 

6 

20* 

0.  16* 

in 

Sf  for  1*  change  in  & 

Dive  Rate, 

0 

14  ft/  sec 

0.  23* 

in 

for  1  ft/ sec  change  in 

9 

Yaw  Rate, 

r 

!•/ sec 

17.0* 

in 

for  l*/sec  change  in 

f 

From  these  calculations  it  is  evident  that  the  specifications  to  be  placed  on  the 
resolution  of  ^5*  ,  St  and  ^  will  depend  upon  the  minimum  change  (i.  e. , 
the  least  count)  desireu  in  the  related  motion  variable.  Based  on  these  pre¬ 
liminary  and  incomplete*  data,  one  might  conclude  that  reasonable  resolution 
requirements  on  blade  pitch  be:  &0  *="  l* ,  si*  and  St  *=  0.  2*. 


*  There  may  be  maneuver  requirements,  other  than  dive  r.ite,  turn  rate,  etc., 
which  influence  blade  angle  resolution. 


i-'  1 
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7.4  HANDLING  QUALITIES  OF  THE  TPS 

A  general  consideration  of  handling  qualities  often  include  certain  aspects  of 
vehicle  behavior  that  are  related  to  the  basic  open-loop  performance  of  the 
vehicle.  Usually,  an  attempt  is  made  to  set  up  dynamic-performance  criteria 
in  terms  of  the  response  of  the  vehicle  to  specified  control  inputs  (or  a 
sequence  of  inputs).  In  the  case  of  a  submarine  these  criteria  may  relate, 
for  example,  to  (l)  the  ability  to  perform  a  given  diving  rate,  (2)  the  ability 
to  turn  at  a  given  rate  without  exceeding  specified  limits  on  induced  roll, 

(3)  the  specification  of  time  lags  or  other  dynamic  measures  of  maneuvering 
performance,  etc.  etc.  Efforts  have  been  made  to  evolve  such  open-loop 
performance  criteria,  both  in  the  case  of  surface  ships  and  submarines,  by 
using  the  concept  of  definitive  maneuvers.  It  is  important  to  recognize  that 
these  performance  criteria  are  limited,  in  the  sense  that  they  can  only  be 
used  to  "test"  the  vehicle  an4  possibly,  its  control  linkage,  but  not  the  remaining 
elements  of  the  overall  vehicle-control  loop  (i.  e. ,  the  pilot;  control  column 
dynamics;  displays;  etc.).  Discussion  of  this  type  of  performance  parameter 
for  the  TPS  is  included  elsewhere  ir.  this  report,  notably  Sections  II  and  VII 
(Section  7.  2). 

Although  performance  parameters  of  the  type  discussed  above  are  important 
in  judging  the  handling  qualities  of  a  given  vehicle,  such  a  judgment  is  incom¬ 
plete  without  a  consideration  of  other  elements  in  the  overall  control  loop  of 
the  vehicle.  Here,  one  becomes  involved  in  the  effects  of  pilot  skill,  display 
dynamics,  cont rol -column  dynamics,  etc.  on  total  system  performance. 

Relating  total  system  performance  to  handling  qualities  ar.d  evolving  numerical 
handling  qualities  criteria  therefrom,  is  a  considerably  more  difficult  task 
than  that  of  specifying  open-loop  pirformanco  criteria.  The  reason  for  this 
difficulty  is  the  wide  variability  (and  adaptability)  of  the  dynamics  of  the  human 
operator.  Accordingly,  attempts  at  creating  a  priori  criteria  for  judging 
total-system  performance  are  usually  descriptive  in  nature,  rather  than 

a 

numerical.  For  example,  we  find  such  statements  as  "the  vehicle  should  be 
capable  of  maintaining  a  straight  and  level  flight  pa,h  with  a  minimum  of  effort 

*  See  Reference  Q,  for  example. 
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on  the  part  of  the  operator".  Thus  it  is  very  often  necessary  to  resort  to 
closed-loop  simulation  techniques,  with  pilot  included,  or  to  full-scale 
vehicle  tests  in  order  to  make  some  headway  into  the  problem  of  defining  the 
handling  qualities  of  the  total  system.  The  extensive  experience  in  the  air¬ 
craft  handling  qualities  field  is  notable  in  this  respect. 

The  above  discussion  indicates  that  the  objectives  of  the  present  program, 

_as  undertaken  by  Cornell  Aeronautical  Laboratory,  Inc.,  are  necessarily 
limited  to  a  consideration  of  handling  qualities  as  related  to  open-loop 
performance.  Considerations  of  this  type  have  been  noted  earlier  and  are 
treated  in  various  sections  of  this  report. 
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Plana  for  future  work  are  outlined  below,  in  the  form  of  five  broad  task  state¬ 
ments.  With  the  possible  exception  of  the  hydrodynamics  studies,  none  of  the 
tasks  is  considered  to  be  completely  independent  of  the  others,  and  no 
particular  chronological  order  is  implied. 

TASK  l :  Submarine  Hydrodynamics 

Review  the  hydrodynamic  theory  developed  by  CAL  and  compare  this  with  the 
theoretical  and  experimental  work  performed  by  the  Netherlands  Ship  Model 
Basin.  Attempt  to  arrive  at  a  useable  working  theory  for  the  unshroudcd 
propeller  hydrodynamics.  Examine  the  applicable  experimental  results  of  the 
work  of  the  NSMB  related  to  shrouded  propellers  and  hull  hydrodynamics  and, 
if  possible,  apply  these  results,  in  the  form  of  simple  modifications,  to  the 
present  theory. 

TASK  2:  Performance  Optimization 

Investigate  the  problem  of  optimizing  trimmcd-flight  operating  conditions  at 
zero  and  low  forward  speeds  and  at  high  speed.  Take  into  account  realistic 
power  plant  considerations,  single  and  two-propeller  performance  goals  and 
the  trade-otts  between  these  factors  and  geometric  configuration  factors. 
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Arrive  at  optimum  design  operating  conditions  and  trim  settings  with  the  present 
configuration  (16  blades,  3  ft^  blade  area,  50  rpm  max.  propeller  speed),  and 
an  indication  of  design  trade-offs  achievable  with  other  configurations. 

TASK  3:  Stability  and  Control 

Perform  such  analog  computer  studies  as  may  be  necessary  (high-speed  case) 
to  assist  in  the  performance  optimization  task  discussed  above.  Repeat  the 
high-speed  single-plane  studies  reported  in  Reference  1  and  thi3  report,  if  the 
results  of  Task  1  indicate  that  a  revision  is  necessary  in  the  applicable 
equations  of  motion.  Perform  a  six-degree-of-freedom  analog  or  digital  com¬ 
puter  simulation  of  the  zero  and  low-speed  cases.  Investigate  the  medium 
speed  regime* analytically  or  via  single-plane  computer  studies.  Compare  TPS 
performance  with  a  conventional  submarine  and  make  final  assessments  of 
overall  feasibility  of  the  TPS  concept  as  it  relates  to  stability  and  control.  On 
the  basis  of  all  previous  work  devise  an  all-speed  preliminary  coi  ~"ol  system 
configuration  and  attempt  to  judge  the  handling  qualities  of  a  TPS  equipped  with 
such  a  control  system. 

TASK  4:  Impaired  Operation 

Select  and  investigate  certain  off-trim  operating  conditions  which  may  arise  due 
to  failures  or  faults  in  the  control  system  or  its  components,  or  to  the  appli¬ 
cation  of  external  disturbances  ':o  the  TPS.  Examine  such  evidences  of  impaired 
operation  as  locked  or  jammed  propellers,  power  failures,  loss  of  control 
signals,  etc.  Utilize  the  single-plane  analog  computer  mechanizations  of 
Task  3,  if  necessary,  in  order  to  investigate  these  impaired  operating 
condition  s. 

TASK  5:'  Control  System  Design 

Utilizing  the  theoretical  control  system  configuration  of  Task  3  as  a  point  of 
departure,  formulate  a  practical  control  system  design..  Specify  control  system 
component  performance  requirements  and  indicate  wavs  of  sensing  the  necessary 
stabilization  and  control  signals.  Indicate  and  define  the  features  of  automatic 
modes  of  operation,  including  depth -keeping,  course-keeping  and  roll  stabiliza¬ 
tion.  Define  the  elements  of  the  manual  control  mode  of  operation.  Draw  on  the 
stability  and  control  studies  to  describe  manual  control  of  the  TPS  in  onc-degree- 
.et-fre-dom  and  interaction  or  coup!. ng  with  ether  degrees-of -freedom. 
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The  work-plan  outlined  above  will  form  a  logical  continuation  of  the  effort 
started  under  Contract  Nonr  3659  (00)  (FBM).  It  is  designed  to  provide  a 
sound  basis  for  a  final  judgement  on  the  feasibility  of  the  tandem  propeller 
concept  as  it  relates  to  stability  and  control,  and  handling  qualities.  The 
broad  objective  of  the  program  is  to  bring  to  a  satisfactory  conclusion  the 
lines  of  investigation  started  in  the  current  study  and  to  extend  these  investi¬ 
gations,  where  necessary,  to  achieve  the  following  goals:  (1)  the  determina¬ 
tion  of  overall  feasibility,  and  (2)  a  preliminary  design  of  a  TPS  control  system. 
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APPENDIX  A 

LOW-SPEED  AXIAL-FORCE  INTEGRAL 


The  average  axial  force  is  obtained  by  integrating  Equation  4.  1-6  over  one 
cycle  and  dividing  by  2  11  .  These  integrations  can  be  performed  in  closed 
form  only  if  the  collective  pitch,  ,  the  amplitudes  of  the  cyclic  pitch  com¬ 
ponents,  ^  and  and  the  velocities  2^  and  are  constant.  The  inte¬ 
gration  is  approximately  valid  if  it  is  assumed  that  these  variables  change 
slowly  with  time  over  any  one  revolution  of  the  propellers.  Unless  this 
assumption  is  made  the  vector  propeller  forces  must  be  calculated  for  each 
individual  blade,  as  a  function  of  time,  and  superposed.  A  dynamic  analysis  of 
the  automatically  controlled  submarine  would  become  extremely  difficult  be¬ 
cause  it  would  be  necessary  to  solve  a  set  of  simultaneous  integro-differential 
equations  for  each  oet  of  conditions  corresponding  to  a  postulated  control  system 
configuration.  The  steady-state  analysis  is,  of  course,  unaffected.  Also,  it 
can  be  argued  that  the  conditions  under  which  the  assumption  noted  above  is  not 
valid  correspond  to  conditions  where  unsteady'  hydrodynamic  effects  would  also 
be  significant. 
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The  effect  of  the  above  assumptions  on  the  worn,  described  herein,  and  in 
Reference  1,  is  dependent  upon  the  severity  of  the  transient  phenomena 
involved.  At  high  speeds  (71*  50)  when,  as  a  result  of  control  action, 
the  peak  propeller  blade  angles  of  attack  change  rapidly  in  one  revolution  of 
the  propellers,  the  results  may  be  in  considerable  error  over  whatever  time 
interval  is  involved  in  the  transient.  If  these  variables  change  relatively  slowly, 
the  results  are  quite  accurate.  At  low  speeds  the  effect  of  the  above  assumption 
is  mitigated  somewhat  by  the  fact  that  all  transient  phenomena  will  be  in¬ 
herently  "slow"  phenomena  because  of  the  low  force/moment  levels  involved 
and  the  large  mass/iner*ia  of  the  submarine. 


The  equation  that  predicts  the  average  axial  force  follows: 
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Evaluating  the  integrals  over  one  cycle: 
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In  collecting  the  integrals  all  terms  involving  ^  ^  .  ^7*"'.  an<* 

are  discarded  and  the  substitution  is  made, 

then  becomes: 
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APPENDIX  B 

STABILITY  DERIVATIVES  AND  CONTROL 
COEFFICIENTS  -  SINGLE  PROPELLER  OPERATION 


Consider  the  case  of  a  locket^  forward  propeller  and  a  rotating  aft  propeller. 
The  propeller  derivative  (i.  e.  side  force  due  to  sideslip  velocity)  is 

basic  in  the  calculation  of  all  of  the  non-zero  propeller  derivatives.  As 
noted  in  Reference  1*. 


oj  (B- 

It  is  apparent  that  Equation  (B-l)  cannot  be  used  in  its  present  form  to 
calculate  ,  because  -  0.  This  problem  was  resolved  by 

substituting  .  as  defined  in  Reference  1,  page  25,  and  taking  the 

limit  value  of  the  combined  expression  as  _/?yT approaches  zero..  Further, 
from  Equation  (6-7),  Reference  l,  the  trim  rolling  moment  is  given  by: 


(B-2) 


trimmed  operation. 


because  the  rolling  moments  are  balanced  for 
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Substituting  Equation  (B-2)  into  the  limit  form  of  Equation  JB-l),  the  final 
expression  for  YyTJf  is  obtained  as  follows: 

v4  -- +Cse  */,&%  *;}  (B-: 

The  aft  propeller  value  of  Yv-h i  can  be  computed  directly  from  Equation 
(B-l)  after  the  required  values  of  MrJ  and  4*0,  are  determined. 

The  combined  propeller  contributions  to  the  total  value  of  the  stability 
derivatives  are  computed  from  the  following  equations,  taken  from 
Reference  1,  pages  28  and  29: 

YA  *  Y*)f  +Yy')a- 

Y/  *  Ai  [ Y/)/  -  y/L } 

Y/  ‘  S//  o 

*  Yf 

A'S  -A  lY/^S)f  **sL  **/,  V 


The  terms 


are  negligible. 
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The  stability  derivatives  of  the  hull  are  directly  proportional  to  submarine 
3feed.  Since  the  single-propeller  trim  speed  is  61%  of  the  two-propeller 
value,  the  corresponding  hull  derivatives  must  be  reduced  to  61%  of  the 
values  listed  in  Table  6-2,  Reference  1.  The  modified  propeller  derivatives 
must  be  added  to  the  modified  hull  derivatives  to  obtain  the  total  derivatives 
that  apply  to  the  case  of  single -propeller  operation. 

In  order  to  estimate  the  amount  of  control  power  required  to  counteract 
the  gyroscopic  coupling  resulting  from  unbalanced  operation  of  the  pro¬ 
pellers,  it  is  necessary  to  compute  (1)  the  angular  momentum  of  the 
rotating  propeller,  (2)  the  pitching  moment  control  coefficients,  and  (3)  the 
propeller  stability  derivatives,  M-fi- and  .  It  is  shown  later  in  this 

section,  that  knowledge  of  these  quantities  is  both  necessary  and  sufficient 
for  this  estimate. 

The  moment  of  inertia  of  the  rotating  propeller  about  the  longitudinal 
axis  of  the  submarine  was  calculated  on  the  assumption  that  the  complete 
propeller  and  drive  assembly  can  be  approximated  by  a  right  circular 
cylinder  with  an  outside  diameter  of  twenty  feet,  an  inside  diameter  of 
fourteen  feet,  a  length  of  3.  5  feet,  and  a  weight  of  125  tons  (see  Reference  4). 
The  polar  moment  of  inertia  of  the  propeller  was  computed  to  be: 

If  -  sz/j  ooo 

For  a  propeller  angular  velocity  of  50  rpm,  the  angular  momentum  is  found 
tc  be : 


If  /l  *  (sZfjGOo)(tt)(so) - 


2.  72  *  /O  Vt*  C  4.  3£C. 
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The  pitching  moment  control  term  is  given  by: 


where:  ^  and  ;  see  Equations  (7.2-16). 

The  yaw-pitch  coupling  derivative,  Ma  is  defined  in  Reference  l, 
(pg  29)  to  be: 


(B-4) 


(B-5) 


The  individual  terms  in  Equation  (B-5)  are,  in  turn,  defined  in  Table  5-2, 
Reference  1*. 


The  indeterminate  form  that  results  from  attempting  to  compute 
when  »  is  resolved  by  substituting  (Reference  1,  pg  25) 

and  taking  the  limit  as-^£  approaches  zero.  In  addition,  the  trim  thrusts 
of  the  fore  and  aft  propellers  are  found  from: 


^Yo)a.  ~ z ^  ^ "  Jr/'V 
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Table  B-l  tabulates  the  numerical  values  o£  the  yaw-plane  stability  derivatives 
(plus  the  yaw-pitch  plane  coupling  terms)  that  prevail  for  single-propeller 
operation  with  the  aft  propeller  thrusting.  Note  that,  unlike  the  case  for 
balanced  operation,  £  yu  and  My-  are  non-zero,  indicating  that  yaw-pitch 
coupling  is  more  severe  for  the  unbalanced  operation  case. 


When  the  aft  propeller  is  locked  and  the  forward  propeller  is  thrusting,  the 
individual  propeller  derivatives  can  be  computed  by  interchanging  the  sub¬ 
scripts  CL  and  in  Equations  (7.2-16),  (B-2),  and  (B-3)  and  substituting 
numerical  values  in  the  expressions  for  the  total  derivatives.  The  results  are 
tabulated  in  Table  B-2. 
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TABLE  B-I 

SINGLE  PROPELLER  OPERATION  -  AFT  PROPELLER  THRUSTING 


E\i  /*rf  - 


*> 
i~  Y~ 
M+ 

Mr-, 

/#/ 


Fwd  Prop 

Aft  Prop 

Hull 

Total 

Units 

0 

50 

- 

- 

rpm 

14.  7 

4.  8 

- 

- 

deg 

90 

23 

- 

- 

deg 

1.0 

*1.  597 

- 

- 

' 

1.0 

-2.  11 

- 

- 

* 

291.000 

291,000 

- 

- 

ft -lb 

-3320 

50,000 

- 

- 

lb 

-5.  66  x  10^ 

-16.91  x  106 

- 

- 

ft- lb/ rad 

-51,400 

-154,000 

- 

- 

lb/  rad 

-1.  13  x  10fe 

-3.38  x  106 

- 

- 

ft -lb/  rad 

5.  66  x  10^ 

16.91  x  106 

- 

- 

(t  — lb/ rad 

-4330 

-239° 

-38, 690 

-45,410 

** 

lb- sec /ft 

-476.  5  x  103 

-262. 8  x  103 

-763  x  103 

-977  x  10 

lb-sec/rad 

0 

0 

-283  x  103 

-283  x  10 

lb-sec/ rad 

-476.  5  x  103 

-262. 8  x  103 

-4. 38  x  106 

-4. 59  x  lO^ 

A 

ft-lb- sec /ft 

-52.42  x  106 

-28.  91  x  106 

-101  x  106 

-182  x  10 

ft-lb- sec  /ra 

0 

0 

-1.  TO  x  106 

-1.  70  x  10° 

ft-lb-  see  /  ra 

0 

0 

-286  x  103 

-236  x  103 

ft-lb-  sec/ft 

0 

0 

-17.  3  x  106 

-17.  3  x  1CS 

ft-lb- sec  /  ra 

-524  x  103 

-239  x  103 

-6.  54  x  106 

-7.  35  x  lOb 

ft-lb-  /  ra 

1 1.  840 

13,910 

- 

30.  750 

lb-sec/ rad 

-1723 

59,450 

- 

57,  700 

ft-lb-sec  / f*. 

-  1.  J  '  x  I0b 

-4.4b  x  106 

- 

-5.  95  x  10b 

L 

ft-lb-sec  1  ra 

0 

2.  72  x  10b 

- 

2.  72  x  10 

ft  -lb-  see  /  ra 

i 


i 
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I  TABLE  B-2 

SINGLE  PROPELLER  OPERATION  -  FWD  PROPELLER  THRUSTING 

I 


^  Function 

Fwd  Prop 

Ait  Prop 

Hull 

Total 

Units 

I  -A 

50 

0 

•» 

rpm 

oc 

4.  8 

14.  7 

• 

• 

deg 

l  ? 

23 

90 

. 

deg 

A  p 

-1.  597 

1.00 

r  ?lr 

-2.  11 

1.  00 

1  lMz*l 

r? 

291.000 

291,000 

• 

£t-lb 

J.  rxa 

50,000 

-3320 

- 

lb 

I  Ns 

-16.91  x  106 

-5. 66  x  10^ 

- 

(t-lb/rad 

r  Y* 

-154.000 

-51.400 

- 

lb/ rad 

-3. 38  x  106 

-1, 13  x  10r 

- 

ft-lb/rad 

16.  91  x  106 

5.  66  x  10^ 

- 

- 

ft-lb/rad 

I  Y~' 

-2390 

-4330 

-38, 690 

-45,410 

lb-sec/ ft 

r* 

-262. 800 

-476,  500 

-763,000 

-549,000 

lb- sec/ rad 

l  Y? 

0 

0 

-283,000 

-283, 000 

lb- sec/ rad 

L  Mr 

-2b2, 800 

-476,  500 

-4.  38  x  10’S 

-4.  17  x  106 

ft-lb-  sec/ ft 

I  A ^ 

-28.  'll  x  106 

-52.  42  x  10° 

-101  x  106 

-182  x  106 

ft -lb- sec /rad 

- 

0 

0 

-1,  70  x  10b 

-1.  70  x  106 

ft-lb-  sec/  rad 

AV 

0 

0 

-286. 000 

-286,000 

ft-lb-scc/ft 

- 

0 

0 

-17.  3  x  10° 

-17.  3  x  106 

ft-lb-sec/rad 

.  */> 

-281. 000 

-524,000 

-6.  54  x  106 

-7.  35  x  106 

ft-lb-sec/ rad 

- 18; lie 

-  1  1.  840 

- 

30,  750 

lb- sec / rad 

n+ 

-51. 4-0 

1725 

« 

-57, 700 

ft-lb-  sec  /  ft 

-4  4o  x  106 

-1,41 x  10° 

-5.  95  x  106 

ft-lb-scc/rad 

M 

2.  72  x  10b 

0 

• 

2.  72  x  10b 

ft-lb-sec  /  rad 

l 

l 
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APPENDIX  C 

PROPELLER-INDUCED  AXIAL  INFLOW  VELOCITY 


An  expression  for  the  axial  component  of  propeller -induced  inflow  velocity 
(derived  from  combined  blade  element -momentum  theory)  that  includes  the 
effect  of  forward  velocity,  *fi  ,  is  given  in  Reference  10  as: 


£m(* 


in  which  Oi  is  the  propeller  blade  chord  and  all  other  symbols  are  as 
previously  defined.  If  the  following  substitutions  are  made: 

r  ~#7i 

B  3?  £  {for  postulated  configuration) 

^  ~s  7 


2)ff 


(C-l) 
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(C-l)  becomes: 


#A  ~(i&i 


Zcxfu. 


(&2)  *Jji 


(C-2) 


The  inflow  at  hovering  conditions,  Equation  (4.  1-38),  was  found  by  letting 
XL  =  O  in  (C-2'  and  curve-fitting  a  quadratic  to  a  plot  of  tyjL  vs  <£. 
The  following  expression: 


^2.  =  a.  +  jL  <f<,/S«/  '  (c-3) 

was  obtained^with  &.  -  .  95  and  tC  -  -1.0,  and  yields  values  of  ^7^  accurate 
to  within  better  than  10%  for^  up  to  about  0.  3  rad.  The  values  of  A  and 
given  in  Reference  1(.  86  and  -.  60  respectively)  are  considered  to  be  less 
accurate  than  the  values  cited  above  for  the  conditions  that  actuaiiy  prevail. 

For  the  low-forward  speed  work  of  Section  6.  3  a  form  of  (C-2)  is  used  in  which 
the  square-root  term  is  replaced  by  the  first  two  terms  of  a  binomial  expansion. 
This  procedure  is  fairly  accurate  if  the  second  term  under  the  radical  satisfies 


the  cestr:ction  that 


_ _ 

(Si)  +(* %)'4 


<i 


(C-4) 


Thus,  (C-2)  becomes. 


/  OH  /  jj  ,  J.  )  /  \ 


(C-5) 


fh:  condition  should  be  checked  for  each  case  be :  r.  c  consiiereu. 
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